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Surface  analysis  of  NMR  cell  walls  detected  only  silicon  and 
oxygen,  and  revealed  no  signficant  differences  among  surfaces 
of  cells  before  heat  treatment,  after  heat  treatment,  and  af¬ 
ter  exposure  to  strong  uv  resonance  radiation. 


Experiments  have  revealed  that  the  cell  tip  area  is  not  the 
dominant  relaxation  site  in  cells  prior  to  their  first  heat 
treatment,  and  that  silica  glassblower ' s  smoke  does  not  cause 
strong  relaxation  of  mercury  isotopes. 
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1.  INTRODUCTION 

This  program  is  concerned  with  the  physical  phenomenon  of  the  nuclear 

199  201 

magnetic  resonance  relaxation  of  two  isotopes,  Hg  and  Mg,  of  vapor- 
phase  mercury  in  contact  with  the  walls  of  a  container.  The  technique 
of  orientation  by  optical  pumping  is  employed  to  enhance  the  net  nuclear 
magnetic  moment,  and  optical  techniques  are  also  employed  to  monitor  the 
dynamics  of  the  nuclear  spin  system. 

During  part  of  the  current  reporting  period,  detailed  calculations  were 

carried  out  on  the  effects  of  steady-state  and  randomly- fluctuat ing 

201 

quadrupole  perturbations  upon  the  dynamics  of  the  Mg  spin  system. 

These  calculations  are  described  in  Chapter  2.  The  investigation  of  var¬ 
ious  cell  fabrication  and  heat  treatment  techniques  were  continued,  and 
is  described  in  Chapter  3.  Other  experiments  and  calculations  relevant 
to  this  project  are  presented  in  Chapter  4.  Publications  which  resulted 
from  these  efforts  are  listed  in  Chapter  5,  and  suggestions  for  future 
studies  are  presented  in  Chapter  6.  The  remainder  of  this  introductory 
chapter  describes  the  important  results  obtained  during  this  reporting 
period,  and  briefly  describes  the  experimental  method  used  for  establish¬ 
ing  and  monitoring  the  nuclear  spin  distribution. 

1.  1  HIGHLIGHTS  OF  THE  RESEARCH  P.FFORT 

The  work  done  during  the  reporting  period  has  resulted  in  an  improved 
understanding  of  the  mechanisms  responsible  for  the  relaxation  of  the 
nuclear  spins,  has  clarified  the  conditions  which  exist  in  the  actual 
NMR  cell,  and  has  eliminated  from  consideration  some  of  the  mechanisms 
which  had  previously  been  suggested  as  causes  for  relaxation. 

The  origins  and  effects  of  both  randomly- fluctuat ing  and  steadv-state 

201 

quadrupole  perturbations  on  Hg  have  been  clarified  greatly.  It  is  now 
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understood  that  the  randomly- fluctuating  quadrupole  perturbation,  which 
is  responsible  for  the  relaxation  of  Hg,  is  more  a  consequence  of  the 
adsorption  of  that  atom  than  a  consequence  of  the  fine  details  of  the 
surface  at  the  adsorption  site,  since  an  electric  field  gradient,  direc¬ 
ted  perpendicular  to  a  surface,  is  a  necessary  condition  for  adsorption 
to  occur.  The  correlation  time  of  this  randomly-fluctuating  perturbation 
is  approximately  equal  to  the  adsorbed  atom’s  sticking  time,  which  is  de- 
termined  by  the  strength  of  the  adsorption.  The  relaxation  time  of  “  Hg 
is  inversely  proportional  to  both  the  strength  and  the  correlation  time 
of  the  fluctuating  perturbation.  Therefore,  any  mechanism  which  weakens 
the  adsorption  of  mercury  will  cause  both  a  weaker  electric  field  gradient 

at  the  surface  and  a  shorter  sticking  time,  and  will  therefore  increase 

201 

the  relaxation  time  of  Hg. 

The  expression  for  a  quadrupole  perturbation  contains  three  terms,  defined 
in  Section  2.1.  An  energy-shift  term  describes  the  change  in  the  magnetic 
energy  levels,  a  torque  term  describes  the  torque  felt  by  the  nucleus, 
and  a  2u>  term  is  related  to  the  coupling  between  levels  whose  quantum 
numbers  m  differ  by  two.  In  the  past,  only  the  energy-shift  term  has 
been  considered,  but  the  importance  of  the  torque  and  2cj  terms  in  the 
quadrupole  perturbation  is  now  more  fully  appreciated.  For  instance,  at 
0  =  SS°,  the  energy-shift  term  of  the  quadrupole  perturbation  is  zero,  but 
the  torque  and  2w  terms  are  non-zero.  This  means  that  the  nuclear  spin 
feels  a  torque  and  can  be  relaxed, even  though  its  magnetic  energy  levels 
have  not  been  shifted  by  the  perturbation.  When  the  torque  and  2w  terms 
are  included  in  the  description  of  a  randomly- fluctuating  quadrupole  per¬ 
turbation,  the  relaxation  rate  in  a  cube-shaped  cell  is  found  to  be  in¬ 
dependent  of  cell  orientation.  This  prediction  has  been  verified  bv  a 
careful  experiment. 

The  effects  of  the  energy-shift  term  of  a  steady-state  quadrupole  per- 

201 

turhation  upon  the  dynamics  of  a  Hg  spin  system  have  been  calculated 

1  0  1 

in  detail.  Previous  calculations  had  modelled  the  four-level  “  Hg  spin 
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system  as  three  separate  two-level  systems.  Although  such  a  model  is 

simpler  to  use,  it  does  not  yield  insights  into  the  interrelationship  of 

the  various  types  of  spin  distributions  (e.g.  ,orientation  and  alignment 

distributions,  both  transverse  and  longitudinal  to  the  external  magnetic 

field)  of  this  multi-level  system.  During  the  current  reporting  period, 

calculations  were  performed  using  spherical  basis  operators  to  describe 

the  spin  system.  These  calculations  yielded  a  detailed  functional  form 

201 

for  the  time  dependence  of  signals  from  freely-precessing  Hg  in  the 
presence  of  a  quadrupole  perturbation.  Several  of  these  predictions  were 
verified  experimentally.  In  addition,  the  calculations  yielded  insights 
into  the  effects  of  a  quadrupole  perturbation  combined  with  a  transverse 
rf  magnetic  field.  The  steady-state  distribution  in  this  case  is  a 
linear  combination  of  both  orientation  and  alignment  distributions,  even 
if  only  one  type  of  distribution  is  being  replenished  by  optical  pumping. 

The  variation  of  the  phase  difference  between  the  precessing  orientation 
distribution  and  the  external  rf  field,  as  a  function  of  parameters  such 
as  relaxation  times,  pumping  rates,  resonant  frequency,  and  the  frequency 
of  the  external  rf  field,  has  been  examined.  These  results  have  yielded 
insights  into  the  effects  of  the  cell  wall  upon  the  steady-state  dynamics 
of  the  spin  system.  These  insights  are  expected  to  prove  useful  in  the 
development  of  devices  which  make  use  of  optically-pumped  mercury  vapor. 

The  elemental  composition  of  the  silica  cell  wall  surface  was  investi¬ 
gated,  using  X-ray  photoelectron  spectroscopy.  The  mercury  nuclei  are 
believed  to  interact  predominantly  with  the  first  few  atomic  layers  of 
the  interior  cell  wall.  According  to  this  analysis  the  wall  surface  is 
pure  SiO-,,  with  no  mercury  or  other  impurities  present  to  within  a  1  % 
detection  limit.  The  analysis  did  not  reveal  any  significant  difference  in 
elemental  composition  among  the  surfaces  of  cells  before  heat  treat¬ 
ment,  after  heat  treatment,  and  after  exposure  to  strong  uv  radiation. 
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The  results  of  experiments  performed  during  the  reporting  period  have 

eliminated  several  previously-considered  hypotheses  for  causes  of  mercury 

relaxation.  Experimental  results  indicate  that  the  surface  near  the  cell 

tip  area  is  not  the  dominant  mercury  relaxation  site  in  cells  prior  to 

their  first  heat  treatment,  but  that  relaxation  occurs  to  some  degree  over 

the  entire  cell  surface.  Silica  glassblower ' s  smoke  consists  of  small 

particles  of  silicon  dioxide,  not  monoxide,  and  it  does  not  form  a  strong 

relaxing  site,  since  a  cell  which  contained  visible  amount  of  such  smoke 

was  found  to  have  relaxation  times  comparable  to  other  cells  from  the 

same  batch  which  did  not  contain  such  smoke.  Also, as  stated  above,  the 
201 

relaxation  of  Hg  due  to  electric  field  gradients  does  not  vanish  at 
certain  orientations  of  the  field,  since  the  torque  and  2m  terms  must 
still  be  considered. 


1.2  SUMMARY  OF  EXPERIMENTAL  TECHNIQUES 

The  experimental  method  for  monitoring  the  nuclear  spin  distribution  has 
been  described  previously  (see,  for  example,  reference  1),  and  is 
summarized  here. 


The  NMR  signals  are  observed  from  mercury  vapor  in  a  container  which  is 
usually  made  from  fused  silica.  Except  for  the  cube-shaped  cell  described 
in  Section  2.6.4,  the  cells  are  1  cm  diameter  spheres.  They  are  baked 
out  under  vacuum  during  fabrication,  no  buffer  gas  is  intentionally  in¬ 
troduced,  and  the  mercury  density  is  chosen  to  be  sufficiently  low  so 
that  the  mercury  interacts  strongly  only  with  the  walls  of  the  cell. 

The  experimental  apparatus  is  shown  in  Figure  1.1.  The  253.7  nm  light 
from  the  “  Hg  readout  lamp  is  slightly  off  resonance  from  hyperfinc 
components  of  *^Hg  and  ^*Hg  absorptions,^  and  it  can  be  shown  ^  that 
if  such  light  is  directed  perpendicular  to  the  H  magnetic  field  and  is 
ellipticallv  polarized,  then  the  direction  of  the  axis  of  elliptical 
polarization  is  rotated  through  an  angle  proportional  to  the  transverse 


\\ 
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orientation  moment  and  the  ellipticity  of  the  polarization  is  changed  by 
an  amount  proportional  to  the  transverse  alignment  moment  (these  moments 
are  defined  in  Section  2.3).  The  linear  analyzer  in  front  of  the  photo¬ 
detector  causes  only  the  rotation  of  the  polarization  axis  to  be  de¬ 
tected,  causing  a  change  in  intensity  at  the  photodetector.  A  quarter-wave 
plate  placed  in  front  of  the  analyzer  would  cause  only  the  change  in 
ellipticity  to  be  detected.  Therefore,  it  is  possible  to  monitor  either 
the  orientation  distribution  or  the  alignment  distribution  individually. 

A  longitudinal  spin  distribution  is  created  by  optical  pumping  with  a 
204 

Hg  lamp,  whose  253.7  nm  light  is  absorbed  efficiently  by  hyperfine  com- 
199  201  ( 21 

ponents  of  both  Hg  and  Hgv  ’ .  If  this  light  is  linearly  polarized, 
then  only  an  alignment  distribution  is  established.  If  it  is  circularly 
polarized,  then  the  distribution  is  predominantly  an  orientation  dis¬ 
tribution,  with  a  small  alignment  moment.  These  longitudinal  distribu¬ 
tions  are  rotated  into  a  transverse  distribution  by  means  of  a  transverse 
oscillatory  magnetic  field  at  the  Larmor  frequency,  applied  through  the 

AC  coils  shown  in  Figure  1.1.  In  these  experiments,  the  H  field  was 

199  201° 

about  1.3  and  3.5  gauss  for  measurements  on  Hg  and  Hg,  respectively, 
which  corresponds  to  a  Larmor  frequency  of  975  Hz. 

Relaxation  times  usually  are  determined  by  establishing  a  transverse  or¬ 
ientation  distribution  and  by  then  simultaneously  shutting  off  both  the 
pump  beam  and  the  transverse  magnetic  field.  If  no  quadrupole  perturba¬ 
tion  is  present,  the  signal  decays  exponentially.  The  relaxation  time, 
which  is  determined  by  a  circuit  not  shown  in  Figure  1.1,  is  the  time 
required  for  the  signal  to  decay  by  a  factor  of  e.  A  more  accurate 
method  for  determining  relaxation  times,  with  no  light  present,  was  used 
for  the  cube-shaped  cell  and  is  described  in  Section  2.6.4. 

In  developing  the  model  for  the  interaction  which  takes  place  on  the  cell 
199 

wall,  ''Hg  with  a  nuclear  spin  of  1/2,  interacts  only  with  magnetic 
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fields,  while  Hg,  with  a  spin  of  3/2,  possesses  an  electric  quadrupole 
moment  and  interacts  with  electric  field  gradients  as  well  as  with  mag¬ 
netic  fields. 
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2.  EFFECTS  DUE  TO  QUADRUPOLE  PERTURBATIONS 

2.1  INTRODUCTION 

- — - 2TT1 

The  nucleus  of  Hg  has  a  spin  of  3/2,  and  can  be  affected  by  quadrupole 
perturbations  from  various  sources.  Such  perturbations  can  affect  the 
relaxation  of  the  nuclear  spins,  as  well  as  their  steady-state  free 
precession. 

A  quadrupole  perturbation  is  a  small  change  in  the  magnetic  energy  levels 
of  a  system  with  a  spin  greater  than  one  half.  It  has  two  properties  of 
interest:  energy  levels  with  different  values  of  |m|  have  different  shift 

in  energy,  and  the  strength  of  the  perturbation  V  varies  with  the  angle 
0  between  the  perturbation  symmetry  axis  and  the  quantization  direction: 

V  -  ^.(3cos20-1)  =  P2(cos6)  (2.1.1) 

where  P2(cos0)  is  a  second-order  Legendre  polynomial.  Note  that  V  changes 
sign  as  0  is  varied  from  0°  to  90°,  passing  through  V  =  0  at  0  =  54.74°, 
and  that  V(0)  =  V ( - 0 ) . 

A  quadrupole  perturbation  also  causes  a  torque  T,  which  is  given  by  the 
derivative  of  V  with  respect  to  0: 


T  «  cos0sin0  “  sin20  (2.1.2) 

The  torque  is  zero  at  0  =  0°  and  at  0  =  90°,  but  not  at  0  =  54.74°. 

A  rigorous  quantum-mechanical  description  of  a  quadrupole  perturbation 
yields  terms  proportional  to  the  energy  shift  and  to  the  torque,  along 
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with  a  third  term  whose  classical  analog  is  less  clear.  This  term  can 

couple  magnetic  energy  levels  whose  quantum  numbers  m  differ  by  two,  and 

2 

it  varies  with  angle  as  sin  8.  An  admittedly  vague  classical  analog  of 
this  term  can  be  given  in  terms  of  the  precessional  motion  of  a  spin  in 
a  quadrupole  field.  If  the  spin  precesses  about  the  axis  of  the  quad- 
rupole  field  (0  =  0°) ,  its  motion  can  be  completely  described  by  functions 
which  are  periodic  with  respect  to  a  single  frequency,  to.  If  it  precesses 
about  an  axis  which  is  perpendicular  to  that  of  the  quadrupole  field 
(0=90°),  a  description  of  its  motion  requires  functions  with  a  periodicity 
of  2to  as  well  as  functions  with  a  periodicity  of  to.  The  third  term  in 
the  quadrupole  perturbation  is  related  to  the  amount  of  this  second- 
harmonic  content  in  the  precessional  motion  of  the  spin.  It  will  be  called 
the  "2to"  term  in  the  discussion  below. 

The  angular  dependences  of  these  three  terms  is  illustrated  in  Figure  2.1.1. 

In  the  past,  only  the  effects  of  the  shift  in  the  average  energy  levels^1'5) 

have  been  studied.  These  effects  include  beats  in  the  decav  sip- 
201 

nals  of  Hg  in  the  presence  of  a  steady-state  quadrupole  perturbation. 
During  the  current  reporting  period,  theoretical  models  for  quadrupole 
perturbations  were  improved,  and  some  of  the  predictions  of  these  improved 
models  were  tested  experimentally.  This  chapter  of  this  interim  report 
describes  the  origins  of  such  perturbations,  the  theoretical  method  which 
was  used  to  predict  their  effects,  and  the  experimental  tests  of  these 
predictions . 

2. 2  SOURCES  OF  QUADRUPOLE  PERTURBATIONS 

There  are  two  major  sources  of  quadrupole  perturbations  in  mercury  mag¬ 
netic  resonance  experiments:  interactions  with  the  cell  wall,  and  inter¬ 
actions  with  the  optical-pumping  and  readout  light.  Understanding  the 

interactions  between  the  mercury  nuclei  and  the  cell  wall  is  the  primary 

goal  of  this  investigation.  The  interactions  with  the  light  beams  often 

cause  a  much  stronger  quadrupole  perturbation,  which  is  more  easily 
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observed  and  quantified.  Both  types  of  perturbations  will  be  described 
in  this  section. 

2.2.1  Perturbations  Due  to  the  Cell  Wall 

- £01 - —  - 

The  nucleus  of  Hg  has  an  electric  quadrupole  moment,  and  therefore  a 
quadrupole  perturbation  can  arise  from  the  effects  of  an  electric  field 
gradient  at  the  nucleus.  Such  a  field  gradient  exists  whenever  the  mer¬ 
cury  atom  is  adsorbed  onto  the  cell  wall,  regardless  of  the  mechanism  for 
adsorption.  I f  an  atom  is  adsorbed  onto  a  surface,  then  there  must  be  an 
electric  field  pulling  it  back  toward  the  surface  if  it  moves  away,  pushing 
it  away  from  the  surface  if  it  gets  too  close,  and  equal  to  zero  at  the 
equilibrium  distance  from  the  surface  (see  Figure  2.2.1).  Therefore,  the 
electric  field  has  a  gradient  normal  to  the  surface.  A  weakly  adsorbed 
atom  such  as  mercury  on  fused  silica  is  usually  free  to  hop  about  the 
surface,  which  indicates  that  any  electric  field  gradients  parallel  to  the 
surface  are  much  weaker  than  the  component  normal  to  the  surface. 


The  quadrupole  moment  Q  of  the  nucleus  is  defined  by 

eQ  =  /  pr2(3cos29-l)dV  (2.2.1) 

volume  of 
nucleus 

where  e  is  the  magnitude  of  the  electronic  charge  (e>0)  ,  p  is  the  charge 

density  within  the  nucleus,  and  the  integral  is  to  be  done  for  the 

201 

nucleus  in  the  m  =  +1  state  (i.e.,m  =  +3/2  for  Hg).  The  quadrupole 

(4) 

moment  of  the  nucleus  is  positive^  ,  which  indicates  that  the  nucleus 
is  cigar-shaped,  with  the  cigar  parallel  to  the  quantization  direction 
when  m  =  *  3/2.  If  this  cigar-shaped  distribution  is  placed  in  the  elec¬ 
tric  field  gradient  described  above,  it  will  tend  to  orient  its  axis 
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perpendicular  to  the  field  gradient  axis.  If  the  quantization  axis  is 
parallel  to  the  field  gradient  axis  (8=0°),  then  this  orientation  corre¬ 
sponds  to  a  linear  combination  of  m  =  ±1/2  states,  and  it  indicates  that 
the  ±5/2  states  have  the  higher  energy.  This  corresponds  to  a  positive 
quadrupole  perturbation,  which  for  a  spin  3/2  particle  is  defined  as  a 
perturbation  which  raises  the  ±3/2  levels  relative  to  the  4 1/2  levels  at 
6  =  0. 

A  polarized  atom  is  adsorbed  and  desorbed  many  times  before  it  is  relaxed, 
and  it  therefore  samples  the  entire  cell  surface.  This  results  in  a 
randomly  fluctuating  perturbation.  If  the  strength  of  the  field  gradient 
is  uniform  over  the  entire  cell  wall,  then  it  can  he  shown  that  both  the 
energy  shift  term  and  the  torque  term  average  to  zero  over  a  cell  which  is 
a  perfect  sphere  or  a  perfect  cube.  The  2u  term  docs  not  average  to  zero. 
A  slight  departure  from  these  shapes,  caused,  for  instance,  by  the  sealoff 
tip,  can  result  in  a  non-zero  average  value  for  the  energy  shift  and 
torque  terms  as  well,  which  imples  a  steady-state  perturbation.  The 

effects  of  this  non-zero  average  energy  shift  have  been  studied  pre- 

i  (1,5) 
viouslyv  ’  . 

In  summary,  the  forces  which  cause  adsorption  on  the  cell  wall  also  give 

rise  to  an  electric  field  gradient  at  the  nucleus,  which  causes  a  quad- 

201 

rupole  perturbation  on  “  Mg.  The  axis  of  this  field  gradient  (and, 
therefore,  of  the  perturbation)  is  directed  normal  to  the  surface.  The 
average  value  of  this  randomly  fluctuating  perturbation  is  determined 
in  part  by  the  geometry  and  the  orientation  of  the  cell. 

2.2.2  Perturbations  Due  to  Light 

Ihe  fact  that  uv  light  near  253. 7nm  can  shift  the  energy  levels  of  mercurv 
has  been  verified  theoretically  and  experimentally.^  This  shift  occurs 
because  the  uv  light  can  couple  the  ground  state  to  the  excited  state, 
and  this  coupling  tends  to  shift  the  energies  of  the  various  magnetic 
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levels  in  both  states.  If  the  shifts  for  the  Hg  m  =  ±3/2  levels  arc 
not  equal  to  the  shift  for  the  m  =  ±1/2  levels,  then  a  quadrupole  pertur¬ 
bation  will  result.  It  can  be  shown  that  this  perturbation  also  has  the 
torque  and  the  2u>  terms.  Since  this  1  ight- induced  perturbation  is 
stronger  and  is  more  easily  controlled  experimentally  than  the  cell-wall- 
induced  perturbation,  it  is  useful  in  experiments  for  detection  and 
measurement  of  the  effects  of  quadrupole  perturbations. 

2.2.3  Consistency  of  the  Algebraic  Signs  of  the  Perturbations 
If  the  torque  and  the  2w  terms  are  neglected,  then  the  combined  effect  of 
quadrupole  perturbations  from  two  sources  is  simply  the  algebraic  sum  of 
the  energy-shift  terms.  If  the  two  perturbations  have  energy-shift  terms 
which  are  equal  in  magnitude  but  opposite  in  sign,  then  the  net  energy- 
shift  term  is  zero.  As  described  above,  the  perturbation  due  to  the 
electric  field  gradient  on  the  cell  wall  is  proportional  to  +r,(eos0  )t 
where  o  is  the  angle  between  the  quantitation  direction  (determined  by 
the  external  magnetic  field)  and  the  axis  of  the  average  quadrupole  per¬ 
turbation  due  to  the  cell  wall.  The  theory  of  1 i ght - i nduccd  energy  shifts 

">  p 

predicts  that  linearly  polarized  uv  light  from  a  “  “Hg  lamp,  directed 
perpendicular  to  the  quantization  direction,  causes  a  perturbation  which 
is  proportional  to  -I’, (costi,),  where  G is  the  angle  between  the  polari¬ 
zation  and  quantization  directions.  Suppose  the  perturbations  from  these 
two  sources  cancel  each  other  for  a  certain  pair  of  values  of  Oj  and  G,. 

It  "j  is  increased,  then  o,  must  also  be  increased  in  order  for  the  per¬ 
turbations  to  cancel  each  other  again,  since  l%(eos0)  is  a  monotonic 
t  unction  of  0  for  0°  -  0  -  l>0°.  Preliminary  experiments,  which  detected  the 
presence  of  a  net  quadrupole  perturbation  by  looking  for  a  non-exponential 
decay  (Section  2.4)  confirm  this  relationship  between  0j  and  0,.  Since 
the  two  perturbations  arise  from  different  types  of  mechanisms,  these  re¬ 
sults  srronglv  support  the  descriptions  for  both  the  cc 1 1 -wal 1  - i nduccd 
and  the  1 i ght -  induced  quadrupole  perturbations. 
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2.3  DENSITY  MATRIX  AND  SPHERICAL  BASIS  OPERATORS 

In  the  calculations  described  in  this  Chapter,  as  well  as  in  most  calcu¬ 
lations  of  the  effects  due  to  perturbations,  the  nuclear  spin  distribu¬ 
tion  is  described  in  terms  of  a  density  matrix  p,  defined  by 

p  =  l  p  | m><m' |  ,  (2.3.1) 

mm'  mm’ 


where  | m>  are  basis  states  with  a  z-component  of  angular  momentum  m.  The 
density  matrix  has  the  property  that  the  expectation  value  <I>  of  any  ob¬ 


servable  I  is  found  by  multiplying  the  corresponding  operator 
and  taking  the  trace: 


I  bv  p 
op  - 


The  observables  of  interest  are  the  signals  observed  using  either  the 
rotation  of  linearly  polarized  readout  light  or  the  change  of  ellipticity 
of  elliptically  polarized  readout  light.  The  corresponding  operators 
are,  respectively, 

IL  -  Ix  -  Re(I  +  )  (2.3.3) 

and 

I[;  =  Im(IzI+  ♦  I  +  Iz),  (2.3.4) 

where  Ix,  '  ,  and  I+  are  angular  momentum  operators. 

Two  types  of  spin  distributions  have  been  considered.  A  longitudinal 
distribution  has  all  spins  parallel  to  the  static  magnetic  field  H  .  Such 
a  distribution  can  be  established  using  optical  pumping,  with  the  light 
along  the  II  direction.  A  transverse  distribution  has  a  component  of 
spin  perpendicular  to  II  ,  and  can  be  established,  for  instance,  by  applying 
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a  transverse  magnetic  field  to  a  longitudinal  distribution.  When  no  tran 
verse  field  is  present,  the  transverse  component  of  the  spin  magnetic 
moment  precesses  around  the  Hq  direction  at  the  Larmor  frequency,  and 
can  be  detected  by  the  readout  light  described  above. 

The  time-dependence  of  p  is  given  by 


IT  '  i:  *  ' p  1  » 

and  a  solution  for  this  equation  is 

p(t)  =  e^^^  p(o)e<  i/h)^t 


t  2 . 3 .  S 1 


C.3.M 


where  V-  is  the  total  Hamiltonian  for  the  system. 


It  is  possible  to  perform  the  calculation  of  p(t)  using  the  density 
matrix  as  expressed  in  equation  (2.3.1);  however,  this  leads  to  very  com¬ 
plicated  algebraic  expressions.  A  much  simpler  method  is  to  express  the 
density  matrix,  the  Hamiltonian,  and  the  operators  corresponding  to  ob¬ 
servables  in  terms  of  spherical  basis  operators  Tj^,  defined  by  * 

TLM  =  l  lm><m-M|  (-l)m'M"K  C  (KKL ;  m,  M-m)  C.3.") 

m 


■*  ()  j 

where  K  is  the  total  spin  of  the  atom  (K  =  3/2  for  “  Hg),  and 

(’(KKI,;  m,  M-m)  is  a  Clcbsch-Gordan  coefficient.  Specifically,  for  K=3/2, 


r00  =  7  l  I ml  =  7  H  » 

m 

T10  =  A  Z  =  A  Tz  » 

m 
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T,  +,  =  *  —  C/3|  ±3/2><  ±1/2  |  +  2|±l/2^^il/2|  +  /3 1  *  1/ 2>^  3/ 2  1 1 
1 » - 1  ./i  n  ' 


+  —  I+  , 

/10  - 


(2.3.8c) 


T,  +1  =  -  —  [/±3/2)<"±l/2|  -  |+l/2>/+3/2|: 
/2 


^,I*,**,*,*)  1 


(2. 3.8d) 


etc.,  where  the  definitions  of  I  and  I,  have  been  used: 

9  7  ± 


I  |  m  >  =  m|m> 


(2.3.9) 


I,  =  l  m|m)<^m| 


IJm>  =  ((3/2  i  m)  (5/  2  ±  m))1/2|m±l> 


(2. 3. 10) 


I4  =  /  3  |  ±  3/2>  1/ 2 1  +  2|tl/2><+l/2|  ♦  /3|  1 1/2><  +  3/2|  . 


The  T. M's  obey  the  orthonormality  relationship 


,r(  1 1.M  FI, ' M '  1  "  lSl.L'  6M-M' 


(2.3.  11) 
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Therefore,  if  the  density  matrix  is  expressed  as  a  linear  combination  of 

(7) 

the  T^'s,  usFn8  the  phase  convention  of  Happer  or  Rosev  , 


<-»M  °L,M  TL,-M 


(2.3.12) 


then  the  evaluation  of  expectation  values  of  observables  becomes  very 
simple.  For  instance, 


Tr((/5  Ti0)(I  m  (-1)  pLM  TL,-nP 
^5p  10 

and 

IL  =  Re(I+)  =  Re (Tr (I+P) 

=  Re(Tr((-/nT  Tj  x)  (T  (-D  plm  fl 

9  L  ,  M 

=  /TIT  Refp-^j). 

Si mi lar ly , 

Ij;  =  Im(IzI+  +  I  +  Iz)  =  2/E  Im(p21). 


(2.3.13) 


(2.3. 14) 


(2.3.15) 


Therefore,  when  the  density  matrix  is  expressed  by  equation  (2.3.12),  the 
rotation  readout  signal  will  be  proportional  to  Retpjj),  and  the  ellipti¬ 
cal  ly  polarized  readout  signal  will  be  proportional  to  Im(p2j). 


18 


rnMPANV  PROPRIETARY  Furnished  in  confidence  and  subject  to  exemption  undei  5  USC  b52  (b) 


THE  SINGER  COMPANY  •  KEARFOTT  DIVISION 


The  T^m's  obey  the  commutation  relation1  J 

^TLM»  TL'M'^  =  TLm,M+M'^2L  +  1^2L’  +  I)]2  (2.3.16 

x  W(LL'KK;L"K)C(LL'L";-MM' ) [  (- 1 )L  +  L ' +L" - 1]  . 

This  expression  is  not  as  formidable  as  it  might  appear  to  be,  since 

many  of  the  terms  in  the  summation  over  L"  are  zero,  and  since  the  Racah 

coefficients  W(LL'KK;L"K)  and  the  Clebsch-Gordan  coefficients  can  be  ob-  * 

tained  from  tables  in  the  1 iterature ^ .  Therefore,  equation  (2. 3. 161 

can  lie  used  to  solve  equation  (2.3.5),  which  leads  to  a  set  of  coupled 

differential  equations  for  the  density  matrix  elements  Pyq(t).  many 

cases,  these  differential  equations  can  be  solved,  and  the  solutions  yield 

directly  the  time  dependence  of  the  observables  of  interest.  This  method 

201 

was  used  to  evaluate  the  Iig  decay  transients  (Section  2.4)  and  the 
steady-state  solutions  in  the  presence  of  a  transverse  rf  magnetic  field 
(Section  2.5),  and  in  conjunction  with  second-order  perturbation  theory, 
to  evaluate  relaxation  rates  due  to  an  anisotropic  quadrupole  perturba¬ 
tion  (Section  2.6). 

2.4  NON  -  EXPONENT  I AL  DEI  CAY 

Non-exponential  relaxation  of  the  transverse  magnetic  moment  of  an  optically- 

pumped  spin  distribution  has  been  reported  for  nuclei  such  as  "^Hg^  and 

83^(10),  which  have  spins  of  3/2,  but  not  for  spin  1/2  nuclei  such  as 

iqq  i?9 

■'Hg  or  Xe.  This  departure  from  exponential  decay  has  been  explained 
in  terms  of  a  quadrupole  perturbation,  which  affects  only  nuclei  with  a 
spin  greater  than  1/2.  Calculations  which  have  been  reported  in  the  past 
have  modelled  the  effect  of  the  perturbation  as  a  splitting  of  the  spin- 
3/2  resonance  into  three  separate  frequencies^  or  have  calculated  the 
effect  of  the  perturbation  in  terms  of  a  4x4  density  matrix.  Although 
these  calculations  were  able  to  explain  correctly  the  observed  nonexpo- 
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nential  decay,  they  do  not  reveal  directly  other  effects  of  a  quadrupole 
perturbation,  such  as  its  effect  on  the  transverse  alignment  moment  or  on 
longitudinal  orientation  and  alignment  moments.  This  section  describes  a 
calculation  of  such  effects  using  spherical  basis  operators,  a  method 
which  yields  explicit  expressions  for  signals  observed  from  any  trans¬ 
verse  or  longitudinal  distribution.  The  calculation  is  specialized  to  the 

201  83 

case  of  a  spin  3/2  nucleus  such  as  Hg  or  Kr. 

The  results  described  in  this  section  are  presented  in  greater  detail  in 
an  unpublished  Singer  Company,  Kearfott  Division  Technical  Report  ^  ^  . 

2.4.1  Theory 

The  method  described  in  section  2.3  is  followed  here,  with  both  the  density 
matrix  p  and  the  Hamiltonian  %  expressed  in  terms  of  spherical  basis 
operators  T^.  If  the  spins  are  in  free  precession  with  a  Larmor  frequency 
u>0,  and  are  subject  to  a  quadrupole  perturbation  with  an  energy -^coq,  then, 
for  K  =  3/2,  the  Hamiltonian  v-  is  given  by 

%  =  *w0(/S  T1q)  +  fiajQ  T20.  (2.4.11 

The  terms  in  the  quadrupole  perturbation  proportional  to  T^^  and  Tn 
have  been  omitted.  This  corresponds  to  the  case  where  the  angle  between 
the  perturbation  axis  and  the  quantization  direction  is  zero  (see  Section 
2.1).  Analytic  solutions  have  not  yet  been  found  for  the  general  case  of 
T^  i ,  1'22  non-zero. 

As  described  in  Section  2.3,  a  set  of  coupled  differential  equations  is 
obtained.  In  the  present  case,  the  equations  can  be  separated  into  sub¬ 
sets  according  to  the  value  of  M. 

For  M  =  0,  the  equations  are 

^PL0  =0,  L  -  1,2,3,  (2.4.2) 
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which  indicates  that  the  longitudinal  moments  do  not  become  time 
dependent  in  the  presence  of  a  quadrupole  perturbation. 

For  M  =  1, 

Zt  P1;L  =  i%Pi;L  +  iWq^V5p21, 

jjr  P21  =  i 00q /  3  /" 5p 2 x  +  iwop 2 1  +  iWq/2/5p31>  and 

TTt  p  31  =  la)Q^2/ 5p 2 1  +  1W0P31- 
These  can  be  solved  by  setting 

iu0t  o  C  S 

pLi  3  e  CPL  +  Pl  cos“)Qt  +  pL  sinwqt),  L  =  l.2, 3, 

and  by  applying  the  boundary  conditions  at  t  =  0: 

PLi(°)  =  PL  PL  *  L  1,2»5- 
The  result  is: 

2+  3coswnt 

P11(t)  =  - 5 - P11(0)  +  i/3/5  sincjQtp21(0) 

+  -^|(cosa)pt-l)p31(0)  , 

p?1(t)  =  i/3/5  s  inujgtp^  ^  (0)  +  cosajgtp  21  (0) 

+  i/ 2/ 5  sinwgtp3j  (0) ,  and 


(2.4.3a) 

(2.4.3b) 

(2.4.3c) 

(2.4.4) 

(2.4.5) 

(2. 4. da) 

(2.4. bh ) 
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p  31  (t)  =  (cosugt- 1 )  p i !  (0)  +  l/T/T  sinajptp21  (0) 

3+2coswnt 

+  0-  P31(0). 


(2.4.6c) 


These  equations  do  not  take  into  account  the  exponential  relaxation  of 

the  spin  distribution  due,  for  instance,  to  interactions  with  the  walls 

f  1 31 

of  the  container.  The  relaxation  can  be  included1  '  by  rewriting  equa¬ 
tion  (2. 3. 5)  as 

^  ^  rv ,p]  -  ^|irelaxation  (2.4.-) 

In  many  cases,  each  component  relaxes  exponentially  with  a  relaxation 

time  tt  .  The  effect  of  including  this  relaxation  in  the  calculation  is 

L  - 1  /t 

that  the  terms  pL1(0)  are  replaced  by  terms  p  L  ^  C  0 )  e  L,  for  1.  =  1,2,5. 

In  the  presence  of  a  quadrupole  perturbation,  two  effects  are  noted:  1) 
the  normal  orientation  and  alignment  signals  show  "beats",  and  2)  the 
signals  from  the  normally  unobserved  distributions  appear,  90°  out  of 
phase  with  the  "normal"  signal.  Beats  in  the  free  precession  decay  of 
orientation  signals  for  spin  3/2  atoms  have  been  reported ^ .  In  thos 
experiments,  the  quadrupole  perturbation  resulted  from  asymmetry  of  the 
cell  which  contained  the  atomic  vapor.  In  reference  1,  the  orientation 
signals  for  the  unperturbed  system  were  interpreted  as  the  sum  of  three 
orientation  signals  at  the  same  frequency,  arising  from  three  two-level 
systems  (|3/2^-*  |l/2j>  ,  f  1  /  2^>  -*■  |  - 1  /  2^>  ,  |-l/2^-*-  j  -  3/ 2]>  )  all  with  the 
same  energy  difference  between  levels.  The  quadrupole  perturbation  then 
caused  a  slight  shift  in  the  (±1/  2>  energy  levels  relative  to  the  |‘3/2^> 
levels,  which  caused  the  three  signals  to  be  split  into  three  slight  In¬ 
different  frequencies.  This  frequency  splitting  was  observed  as  beats  in 
the  amplitude  of  the  orientation  signals. 
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This  same  picture  can  be  used  to  explain  the  appearance  of  an  alignment 
signal  during  free  precession  of  an  initially  pure  orientation  distri¬ 
bution.  Figure  2.4.1a-3a  shows  three  spins,  corresponding  to  the  three 
two-level  systems,  at  t  =  0,  when  their  distribution  has  an  orientation 
moment  along  the  x-axis  and  has  no  alignment  moment.  Figure  2.4.1b  shows 
these  same  spins  at  t  =  Ntt/u^,  where  N7T~a)o/w^>>  1 .  The  quadrupole  pertur¬ 
bation  has  caused  the  spins  to  precess  at  different  rates,  and  their  dis¬ 
tribution  now  has  an  alignment  moment  (along  the  v-axis)  as  well  as  an 
orientation  moment  (along  the  x-axis).  Later,  as  in  Figure  2.4.1c,  the 
orientation  moment  disappears,  while  the  alignment  moment  is  still  non¬ 
zero. 

It  was  shown  above  (equation  2.4.2)  that  the  density  matrix  elements 
corresponding  to  a  longitudinal  orientation  or  alignment  distribution  do 
not  change  in  the  presence  of  a  quadrupole  perturbation.  Therefore,  no 
additional  time  dependence  is  introduced.  The  model  of  three  two- level 
systems,  described  in  the  previous  section , provides  a  simple  physical 
picture  for  this  lack  of  change  under  a  quadrupole  perturbation.  When 
the  spins  are  aligned  parallel  to  Hq,  they  do  not  precess.  Therefore 
ttiere  are  no  oscillatory  signals  whose  frequencies  can  be  split,  and  the 
mechanism  shown  in  Figure  2.4.1  does  not  occur. 


In  the  absence  of  a  quadrupole  perturbation  (u>q  =  0),  equations  2 
show  that  the  rotation  of  the  linearly  polarized  light  is  determi 
by  the  transverse  orientation  distribution,  and  the  change  in  ell 
of  elliptically  polarized  light  only  by  the  transverse  alignment 
but  ion,  as  mentioned  above.  The  equations  also  suggest  that  an  o 
moment  distribution,  once  established,  can,  in  principle,  be  detc 
using  optical  readout  of  the  free  spin  precession  in  the  presence 
quadrupole  perturbation. 
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2.4.2  Experimental 

The  spin  distributions  were  established  and  monitored  using  the  Faraday 
readout  apparatus  described  in  Section  1.2.  The  switching  circuit  for 
the  transverse  magnetic  field  was  connected  to  the  pump  beam  shutter  so 
that  the  pump  beam  and  the  transverse  field  could  be  shut  off  simultan¬ 
eously,  after  which  the  nuclear  spins  were  in  free  precession,  affected 
by  only  the  llQ  field  and  the  quadrupole  perturbation.  In  these  experi¬ 
ments,  the  perturbation  was  the  result  of  unequal  readout  -  1 ight- i nduced 
frequency  shifts  for  the  |±3/2^  and  |±l/2^  sublevels  of  “^Hg.  (see 
Section  2,2.2).  Similar  but  weaker  effects  have  been  observed  for  quad¬ 
rupole  perturbations  caused  by  interactions  with  the  cell  wall. 

A  typical  decay  curve  for  an  orientation  distribution  (circularly  polarized 
pumping  light)  is  shown  in  Figure  2.4.2,  along  with  the  results  of  a 
least-squares  fit  to  the  first  term  in  equation  (2. 4. 6a) . There  is  good 
agreement  between  theory  and  experiment  except  for  the  second  peak 
(between  60  and  100  seconds).  No  improvement  was  obtained  by  a  fit  to 
the  sum  of  the  first  and  second  or  of  the  first  and  third  terms  of 
equation  (2.4.6a),  indicating  that  the  observed  signals  were  due  only  to 
an  orientation  distribution. 

Results  for  an  alignment  distribution  (linearly  polarized  pumping  light) 
are  shown  in  Figure  2.4.3.  A  pure  alignment  moment  should  yield  no  signal 
until  after  the  transverse  magnetic  field  has  been  turned  off.  The  ob¬ 
served  nonzero  signal  at  t  =  0  is  probably  due  to  the  presence  of  an 
orientation  moment  along  with  the  alignment  moment.  Two  possible  causes 
for  such  an  orientation  moment  are:  1)  optically  active  components  in  the 
pump  beam,  which  result  in  slightly  elliptically  polarized  pumping  light, 
and  2)  the  combined  interaction  of  the  transverse  magnetic  field  and  the 
quadrupole  perturbation,  which  can  be  shown  to  produce  a  transverse  orien¬ 
tation  moment  even  in  the  presence  of  purely  linearly  polarized  pumping 
light.  The  experimental  data  were  least-squares  fitted  to  the  sum  of  the 
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first  and  second  terms  in  equation  (2.4.6b),  and  reasonable  agreement  wa< 
obtained.  Note  that  the  fitted  value  of  Wg  in  figure  2.4.3  is  reduced  by 
approximately  one  half  when  the  readout  light  intensity,  which  is  the 
source  of  the  quadrupole  perturbation,  is  reduced  by  one  half,  in  agree¬ 
ment  with  the  proportionality  of  the  light  intensity,  the  light- induced 
quadrupole  perturbation,  and  the  "beat  frequency"  of  the  decay  transients. 
The  shorter  relaxation  time  for  the  upper  trace  is  due  to  the  increased 
relaxation  caused  by  the  full-strength  readout  light. 

The  calculations  described  above  yield  explicit  expressions  for  the  time 
dependence  of  a  freely  precessing  spin  distribution  in  the  presence  of  a 
quadrupole  perturbation,  and  they  show  in  a  concise  manner  how  the 
various  trasnsverse  moments  are  coupled  by  such  a  perturbation.  The  cal¬ 
culations  were  done  explicitly  for  a  spin  3/2  system,  but  the  method  could 
be  applied  easily  to  other  values  of  spin,  since  this  value  enters  the 
calculation  only  through  the  commutation  relation  for  the  TjM's  (equation 
2.3.16)  and  the  coefficients  in  the  expression  for  the  Hamiltonian 
(equat ion  2.4.1). 

2.5  COMB  I  Nil!)  QUADRUPOLli  PliRTURBAT  lON/TRANSVIiRSI:  MAGNETIC  FIHL  P/PUMP  1  NG 
RA D I AT  ION/ RE LA XATION 

The  situation  is  frequently  encountered  where  the  mercury  nuclei  are 
subjected  to  the  combined  effects  of  a  steady-state  magnetic  field  Ho, 
a  transverse  rf  magnetic  field  lij,  a  quadrupole  perturbation,  optical 
pumping  radiation,  and  relaxation  on  the  cell  walls.  The  time  dependence 
of  the  density  matrix  p  is  then  given  by 


dp  _ 
Jt  ~ 


i 


dp 

Jt 


pump 


dp 

Tt 


rel axa t i on 


(2.5.1) 
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where  the  terms  *0.  *  j ,  and  are  the  Hamiltonians  corresponding  to  the 

Hq  and  Hj  magnetic  fields  and  to  the  quadrupole  perturbation,  respectively 
and  are  given  by 


Vo 

*1 


ftw  I  =  fuo  /S  T1fl> 
o  z  o  10* 


-iw  J-lz 

C  j  Z(IX)  e 


-  i  co  t/5 

/S/2  fiw.  e 


i(V^ 


-1 


(2.5,2) 

C.5.3) 


Ti.i’ 


iui  t/5 
a 
c 


and 


for  m 


±3/2;  -ficjg  for  m  =  ±1/2 


(2.5.4) 


ftuQ  T20* 

In  the  above  equations,  u>o  is  the  Larmor  frequency,  uij  is  proportional  to 
the  strength  of  the  rf  magnetic  field  (u>j  =  yll^  ,  where  y  is  the  gyro- 
magnetic  ratio),  wa  is  the  frequency  of  the  rf  magnetic  field,  and  is 
proportional  to  the  strength  of  the  quadrupole  perturbation.  The  terms 
of  the  quadrupole  perturbation  proportional  to  and  T-,-,  have  been 

neglected  in  this  calculation.  This  implies  either  that  the  quadrupole 
axis  is  parallel  to  II  (where  these  terms  are  zero)  or  that  only  first- 
order  perturbation  is  assumed. 


The  last  two  terms  in  equation  (2.5.1)  are  assumed  to  be  given  by 


,  ^PLM  |  j  r  t  ^ 

dt  I  pump  +  Jt  I  relaxation  ~  ”^PLM  "  ^l.M^  ' 


12.5.5) 


where  is  the  relaxation  time  for  a  spin  distribution  with  mu  1 1 ipo 1 ar i t v 
I.,  and  Rj  ^  is  the  steady-state  value  of  Pj^  due  to  optical  pumping  when  no 
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transverse  field  is  present.  An  orientation  distribution  has  1.  =  1  and  an 
alignment  distribution  has  L  =  2.  Also,  is  zero  unless  M  is  zero, 

for  the  case  where  optical  pumping  produces  a  longitudinal  distribution. 


The  time  dependence  of  the  density  matrix  can  be  found  using  the  method 
described  in  Section  2.3.  The  result  is  fifteen  coupled  differential 
equations  with  the  fifteen  variables  pj^(t)  for  L  =  0  to  3  and  M  =  0  to  1., 
which  are  listed  explicitly  in  Figure  2.5.1.  The  steady-state  solutions 
can  be  assumed  to  have  the  for  .i 


iMwat 

PI.M  ( 1  ^  =  e  PI,M 


12.5.0) 


where  is  now  used  to  designate  the  steady-state  magnitudes  of  the 

various  density  matrix  elements.  These  solutions  are  then  substituted 

into  the  coupled  differential  equations,  which  then  can  be  simplified  to 

a  set  of  simultaneous  equations  for  the  time- independent  variables  o|M< 

These  equations  are  too  cumbersome  to  solve  analytically,  but  numerical 

solutions  can  be  obtained  easily  using  a  digital  computer.  This  was  done 

for  various  values  of  w.,  u>  ,  R,..,  and  Aw,  where  Aw  =  w  -  w  . 

1  a  LM '  ’  a  o 


before  solving  these  equations,  several  items  should  be  noted: 

1.  The  quadrupole  perturbation  is  the  only  coupling  between 
states  of  different  L.  Therefore  the  orientation  and 
alignment  moments  do  not  affect  one  another  when  .  is  zero. 

2.  The  transverse  11^  magnetic  field  is  the  only  coupling 
between  states  of  different  M.  In  the  absence  of  such  a 
field,  the  longitudinal  and  transverse  moments  are  inde¬ 
pendent  . 

In  many  experiments,  the  NMR  signals  are  obtained  by  using  the  Faraday 
readout  signal  to  drive  the  transverse  il^  magnetic  field  (see,  for 
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example,  Section  2.2.1  of  reference  12).  A  phase  difference  A<J>  between 
the  signal  and  H^,  caused,  for  instance,  by  the  electronics  which  drives 
,  would  cause  a  change  in  the  frequency  of  the  signal.  Examination  of 
the  numerical  solutions  of  the  simultaneous  equations  indicates  that 
Am  and  A 4>  are  related  approximately  by 

Aw  ~  A  (w  j (1  +  A  4>  (C  +  D  (w^)wq  +  E(w1)wq),  (2.5.7) 

where  the  coefficients  A  through  E  are  positive  and  are  functions  of  w.  , 
as  well  as  of  x^,  x?,  x^,  and  Several  features  of  this  relation  can 

be  noted: 

1.  For  Wq  =  0,  equation  (2.5.7)  reduces  to 

Aw  =  -CA<J>. 

201 

This  result  is  also  predicted  by  modelling  the  i!g  spin 
system  and  the  drive  as  a  resonator  in  a  feedback  loop. 

One  would  expect  that  the  constant  C  is  inversely  propor¬ 
tional  to  the  relaxation  time  x,  of  the  resonator. 

2.  For  =  0,  the  first  term  is  zero,  but  there  is  still  a 

dependence  of  Aw  upon  Wq.  Also,  examination  of  the  numerical 
solutions  for  and  shows  that  the  quadrupole  pertur¬ 

bation  produces  a  transverse  alignment  moment  even  if  no 
longitudinal  alignment  moment  is  being  produced  by  the  optical 
pumping.  At  resonance  (Aw  -  0),  the  transverse  alignment 
moment  produced  by  the  quadrupole  perturbation  is  90°  out  of 
phase  with  the  transverse  moment  produced  by  alignment 

pump i ng . 
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3.  For  A<j>  =  0,  the  frequency  change  is  proportional  to  the 

product  of  the  alignment  pumping  rate  and  the  quadrupole 
perturbation,  when  the  perturbation  is  weak.  The  numerical 
solutions  for  =  0  (no  orientation  pumping)  show  that 

the  quadrupole  perturbation  again  mixes  the  transverse 
orientation  and  alignment  moments,  and  produces  a  transverse 
orientation  moment  which  is  90°  out  of  phase  with  the 
transverse  moment  produced  by  the  orientation  pumping. 

When  the  orientation  pumping  is  not  zero,  these  two  trans¬ 
verse  orientations  moments  add,  yielding  a  net  orientation 
moment  which  is  out  of  phase  with  11.  .  This  phase  difference 
between  11^  and  the  Faraday  readout  signal  causes  a  frequence 
shift  Aoj  in  the  same  way  that  a  phase  shift  in  the  electronics 
of  the  feedback  loop  causes  a  frequency  shift. 

4.  No  numerical  solutions  have  been  found  for  which  Au>  is 
independent  of  u) ^ ,  unless  is  zero  or  unless  both  R,()  and 
A<f>  are  zero.  This  fact  confirms  that  the  response  of  the 
NMR  cell  to  a  change  in  amplitude  is  a  valid  check  for 
the  presence  of  a  nonzero  quadrupole  perturbation. 

Although  the  calculations  described  in  this  section  do  not  deal  directly 
with  the  relaxation  of  the  nuclear  spins  on  the  wall,  they  show  that  a 
steady-state  quadrupole  perturbation,  which  can  be  caused  by  interactions 
between  the  nuclear  spin  and  the  wall,  can  affect  the  steady-state  dis¬ 
tribution  of  the  nuclear  spins. 

2 . 0  Rbl.AXAT  ION  HUF  TO  A  FLUCTUATING  ANISOTROPIC  PERTURBATION 
The  relaxation  of  a  nonthermal  distribution  of  spins  has  been  calculated 
by  several  authors ^ ,  but  all  of  those  calculations  assumed  an  isotropic 
relaxing  potential.  Recent  vapor-phase  NMR  relaxation  measurements  in 
containers  of  various  shapes  have  shown  the  need  for  a  theoretical  treat¬ 
ment  of  relaxation  caused  by  a  potential  with  a  fixed  orientation  with 
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respect  to  the  static  magnetic  field  used  in  such  experiments.  The  first 
part  of  this  section  summarizes  one  of  the  more  general  calculations  in 
the  literature,  1  and  extends  this  calculation  to  the  case  of  an  aniso¬ 
tropic  relaxation  mechanism.  The  second  part  deals  with  the  specific 
example  of  a  spin-3/2  atom  relaxing  due  to  an  electric  field  gradient, 
and  the  third  part  gives  explicit  expressions  for  relaxation  of  spin-3/2 
atoms  due  to  electric  field  gradients  on  the  walls  of  cells  with  various 
shapes  and  orientations.  The  final  part  describes  experimental  results 
obtained  using  a  cube-shaped  cell,  and  compares  the  results  to  the  theore¬ 
tical  predictions. 

The  reader  should  keep  in  mind  that  only  the  relaxation  due  to  an' aniso¬ 
tropic  potential  is  calculated  here.  The  relaxation  rates  due  to  isotro¬ 
pic  mechanisms  must  be  added  to  the  rates  predicted  here  in  order  to 
arrive  at  an  estimate  of  the  experimentally  observed  rates. 

The  results  described  in  this  section  are  presented  in  greater  detail  in 
an  unpublished  Singer  Company,  Kearfott  Division  Technical  Report 

2.6.1  Theory 

r  8 1 

This  calculation  follows  the  method  of  Mapper^  who  expresses  the  density 
matrix  p  and  the  randomly- fluctuating  perturbation  V  in  terms  of  spherical 
basis  operators  (see  Section  2.3): 


P  =  b,M(’1}  PLM  and 


(2.6.1) 


V  (t )  =  l  (-1)M  V.  ., ( t )  T 


LM^  L , -M‘ 


( 2 . 6  .  2  1 


Mapper  makes  use  of  the  density  matrix  in  the  interaction  representation, 
i,  which  is  given  by 

(i/ti)VDf  -(i/ti)flV 

'•  =  e  pc  . 
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He  also  assumes  that  V  is  isotropic  , has  a  multipolarity  l,  and  has  an  ex¬ 
ponential  correlation  function: 


sill 

)  V  e 


-t/t 


(2.6.4) 


where  V  is  the  mean-squared  strength  of  the  perturbation,  tc  is  the 
correlation  time,  and  the  symbol  <  >  denotes  an  ensemble  average.  The 
general  formula  for  the  time  dependence  of  the  density  matrix  a  based 
upon  second-order  perturbation  theory  is  stated  in  reference  (8)  as 


/  CV*(t) ,[V*(t-T) ,a3]dt 


(2.6.5) 


where  V*(t)  is  the  potential  in  the  interaction  picture, 


(i/*)V  t  -  (i/fi)  V  t 

V*(t)  =  e  °  V(t)  e 


(2.6.6) 


for  the  unperturbed  Hamiltonian 


flapper  then  shows  that  the  time  dependence  of  the  density  matrix  due  to 
relaxation  can  be  expressed  as  a  set  of  equations 


where 


Tt  °L,M  RLL’  tM)aL' ,M’ 


L*  =  L,  L  ±  2 . L  ±  (2 1  -  2) 


(2.6.~) 


The  fact  that  the  relaxation  couples  only  those  elements  of  the  density 
matrix  with  equal  values  of  M  is  a  consequence  of  axial  symmetry  as  ex¬ 
pressed  by  the  6m  _m,  term  in  equation  (2.6.4). 
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If  V  is  no  longer  assumed  to  be  isotropic, but  to  have  cylindrical  symmetry 

about  some  axis,  then  equation  (2.6.4)  must  be  modified  slightly.  The 
2  2 

term  V  is  replaced  by  a  term  V^m,  dependent  on  Z  and  m: 
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Jim 


(2.6.8) 


2 

The  terms  V.  are  the  mean-squared  values  of  V^m(t)  defined  in  equation 
(2.6.2).  Also,  note  that 


l  V2  =  V2,  (2.6.9) 

m  Jim 


2 

where  V  is  defined  for  equation  (2.6.4). 

The  term  6  .  is  a  consequence  of  the  assumed  axial  symmetry  of  the 

potential (15) .  It  will  be  shown  below  that  if  this  term  were  not  present, 
then  the  randomly  fluctuating  potential  V  would  be  able  to  couple  density 
matrix  elements  of  different  m,  which  is  not  physically  reasonable.  For 
instance,  if  and  were  coupled,  then  V  would  be  able  to  transform 

a  longitudinal  orientation  distribution  into  a  coherently-precess ing 
transverse  orientation  distribution.  Such  a  transformation  can  only  be 
made  by  a  non-random  potential,  such  as  a  transverse  rf  magnetic  field 
near  the  Larmor  frequency. 

In  the  special  case  for  Z  =  2,  Cohen-Tannoud j  i  expresses  V  in  terms 

of  spherical  harmonics.  In  this  case,  the  6^  ,  term  follows  from  inte¬ 

gration  over  the  azimuthal  angle  <J> .  Such  integration  is  necessary,  even 
if  the  symmetry  axis  of  the  quadrupole  potential  has  a  fixed  angle  r<  with 
respect  to  the  quantization  direction,  since  this  random  potential  inter¬ 
acts  with  the  spins  at  random  intervals  during  their  Larmor  precession, 
which  corresponds  to  random  values  of  <J>.  (Cohen  Tannoudj  i  then  integrates 
over  the  polar  angle  0,  since  his  calculation  assumes  an  isotropic  po¬ 
tential). 
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liquation  (2.6.8)  can  be  substituted  into  (2.6.5)  to  g  i  vc  the  time  depen¬ 
dence  of  the  density  matrix  a: 


$f  -  1  <-UM  T 

L  ,M 


L  ,  M  <Tt  °  I  ,  -  M 


(2.6.10) 


I  l  C-i) 
L,M  y,y' 


y+y ' +M 


L ,  -  M 


X  Cl£,y’LT£,y ’  »  TL,M] 


x(/  dr  exp(iu)yt  +  iuy '  (t+x )  )V{  ^  (t )  V^_.  ,  (t-  :) 


a  v 


Commutation  relations  for  the  spherical  basis  operators  are  given  in  the 
appendix  of  reference  8.  With  these  commutation  relations,  the  double 
commutator  in  equation  (2.6.10)  above  can  be  expressed  as 


^T£,y’  ^T£,y'  »  TL,M^  l  A 


£  L  X  y  y  '  M  X , M+  y + y ’ * 


(2.6.11) 


where  the  calculation  of  the  coefficients  is  tedious  but  straight¬ 

forward.  The  last  cerm  in  equation  (2.6.10)  can  be  evaluated  using 
equation  (2.6.8)  : 


<//  dx  exp  (iwy  t  +  iuy '  (t- x )  ) V£  ^  y  ( t )  f  _y  .  (t-t')) 

DO 

=  /  dr  exp  (iujyt  +  iu>y  '  (t-x  )  )  (6  _  VJ  ,  )  (- 1 )  W 


av 


(2.6.12) 


x  V„  e 

£  ,-y 


•t/t 


"  <-‘)U  6-u,i 
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The  term  <5  ,  prevents  the  unphysical  results  discussed  above. 

“  u  >  u 

Substituting  (2.6.11)  and  (2.6.12)  into  (2. 6. 10), and  changing  the  sign  of 
the  dummy  index  pi, yields 


■  l  (-l)n  a 

L,M 


A.,  .  M(-1)U  T 

V  JILApi-piM  ip  c  T 

L,-M  '  (24  +  1)  ( 1  +  itxjT(; )  a  ,M 


(2.6.13) 


Equation  the  coefficients  of  Ttm  on  both  sides  yields 


d 

at  °L,-M 


I 

L’  ,M 


A£L  'Lp-pM^'1^  V'pi  Tc 


aL’  ,-M 


(2.6.14) 


liquating  (2.6.14)  is  identical  to  equations  (23)  and  (24)  of  reference  (8) 
7  2 

except  that  V“  is  replaced  by  ,  which  must  then  be  brought  inside  the 
summation  over  pi.  A  few  examples  of  equation  (2.6.14),  for  the  special 
case  of  a  spin-3/2  particle,  are  given  below. 


For  l  =  1:* 


d  _  2  (  11  A  2  „2 

at  a10  “  "  T?  Tc(77j~  yZ3alO  TT  TcVlla  10 


(2.6.15a) 


at  all  ‘  T?  Tc(V10  +  YTT^TT7'  °  1 1  '  ^Tc  (V  10  +  X  1  l'),,n  (2.6.15b) 


d  _  2  ,  11  ,  v  2  .,2  , 

at  °2o  =  ‘  a  Tc(~ — 77)a2o  "  aTcvn°2o*  and 

1+  (cox  ) 


(2.0.1Sc 


*thc  symbol  "  — "  indicates  the  limit  oox  <<1 

c 
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d 

It  °  2 1 


TS  tc(V10  +  ”")7)a2i  *"*  '  TFxc(V10  +  5V11]o2 


(2.0. i s 


1-or  £  = 


d 

trr  0  io 


2  _  r,  21 
75  TC r(T~~ 


C( - Si-y  +  - —)o  0 

c  1+  (mt  c )  ^  l+(2a)Tc)  1U 


v2  V2 

1^  V  21  _  V  22 

^  l+(wTc)2  l+C2a)Tc) 


2ja3(P 


"  75  TcL(V21  +  4V22)a10  "  7T(V2rV22)O30 J  •  (2,b*16al 


d 

7t  all 


75  Tc(  <3V20  * 


H-(u>Tcr  l+(2uxc)' 


(2.  (i.  l(ib) 


75  V  <3V20  *  tV21  *  2V22>°11 


*  ^(V20  -  V22’032]  • 


d 

It  a  20 


i  +  ((OTc)  1  +  (  2u)T  c) 


(2.0. 1 0  c ) 


5  rc(V21  +  V22^°20  » 


*tho  svmbol"  — >  "  indicates  the  limit  u>t  <<1 
'  c 
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d  „ 

It  °  2 1 


2V2 

1  rv2  .  21  +  V22 

?  Tc  20  1+(utc)"Z  1+  (  2ojtc  ) 2  21 


(2.6. 1 6d ) 


-»  -  1  Tc  ^20  *  V21  *  2V22)°2r 


2.6.2  Example:  Electric  Field  Gradient 

The  energy  operator  for  a  particle  with  a  total  spin  I  and  with  a  quad- 

rupole  moment  eQ  (e  is  the  elementary  charge),  within  a  cylindri cally 

symmetric  free-space  electric  field  with  a  gradient  q  along  the  field 

(17) 

symmetry  axis,  is  given  by^  1 
2 

Vop  =  Trr^n£3Izcos20  +  3Iisin2°  +  3(IzIx+IxIz)sinecose_l2:1'  (2-6-]71 


where  0  is  the  angle  between  the  symmetry  axes  of  the  quadrupole  and  of 

2 

the  electric  field,  and  Iz,  Ix,  and  I  are  spin  angular  momentum  opera¬ 
tors.  It  is  easy  to  show  that  (2.6.17)  is  equivalent  to 


(^(3  cos20-1))(3I2  -  I2) 


+  (3sinOcos0) (IZIX+IXTZ)  +  (7) (3sin20 ) (1 2  -  I2)).  (2.6.18) 


X  V 


Using  the  definition  of  the  spherical  basis  operators,  and  defining 
VQ  =  e  qQ/ 41(21  -  1),  it  can  he  shown  that 


V  =  ?  (-l)m  V9  T_ 

op  ^=_2  2,-m  2 ,m  ’ 
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wi  th 


2,0 

=  6Vq  (ijr(3cos20-l)  ) 

=  6Vq  P2 (cos 0 ) , 

(2.6.1 9a ) 

2,-1 

=  ±/F  VQ  (3sin0cos8) 

=  ±/I  VQ  P^cosG),  and 

(2.6.19b) 

2, ±2 

/I  2 

=  ^  Vo(3sinZ0) 

=  VQ  ?2 (cosO) . 

(2.6.19c) 

The  terms  P2(cos0)  and  I^'CcosB)  are  Legendre  and  associated  Legendre 
functions.  Note  that  V^q  corresponds  to  the  shift  in  magnetic  energy 
levels  ol  the  spin  system,  and  that  ^2+1  corresponds  to  a  torque  on  the 
spins  due  to  the  electric  field  gradient. 

P.quations  (2.6.19)  are  substituted  into  equation  (2.6.16a)  and  (2.6.16b). 
Assuming  that  wr<<  1  and  that  and  a31  are  negligible  compared  to 
and  cr n ,  the  result  is 

It  °10  =  -RoTcVoC2-2cos20)*iO>  and  (2.6.20a) 


It  °11  =  -RoTcVo(1  +  cos2o;)all»  (2.6.20b) 

wliere  the  constant  Rq  is  equal  to  54/25  ,  and  where  0  is  now  the  angle  be¬ 
tween  the  electric  field  symmetry  axis  and  the  quantization  direction. 

The  latter  is  determined  by  the  static  magnetic  field  in  magnetic  reso¬ 
nance  experiments. 

liquations  (2.6.20)  make  some  strange  predictions.  Tor  instance,  at 
0  =  90°  they  predict  that  the  longitudinal  spin  distribution  relaxes 
twice  as  fast  as  the  transverse  distribution.  This  is  not  in  agreement 
with  magnet ic- resonance  relaxation-time  measurements,  where  the  transverse 
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relaxation  rate  1/T?  is  always  faster  than  or  equal  to  the  longitudinal 
rate  1/T^.  However,  the  above  calculation  does  not  consider  isotropic 
mechanisms  which  can  considerably  increase  the  actual  transverse  relax¬ 
ation  rate. 

2.6.3  Wall  Relaxation  for  Various  Container  Shapes 

The  relaxation  of  spins  of  vapor-phase  atoms  occurs  on  the  wall  of  the 

1181 

container  or  cell1  .  bach  portion  of  the  wall  makes  a  fixed  angle  with 
respect  to  the  static  magnetic  field  H  ,  and  therefore  the  relaxation  rate 
due  to  a  fluctuating  anistropic  quadrupole  perturbation  can  be  calculated 
by  summing  or  integrating  the  angle-dependent  relaxation  rates  (equations 
2.6.20)  over  the  cell  surface.  The  electric  field  gradients  arising  from 
the  cell  wall  have  their  symmetry  axes  perpendicular  to  the  wall  surface. 
Therefore,  0  in  equations  (2.6.20)  represents  the  angle  between  i!  and  the 
normal  to  the  cell  surface.  For  a  spherical  container,  the  relaxation 
rate  is  obviously  independent  of  cell  orientation.  The  variation  of 
relaxation  rate  for  spin-3/2  atoms  due  to  electric  field  gradients  on  the 
walls  versus  changes  in  cell  orientation  for  other  shapes  is  summarized 
below  (see  Figures  2.6.1  and  2.6.2). 


Cube -Shaped  Cell: 

When  the  cube  is  oriented  with  its  faces  parallel  or  perpendicular 
to  11q,  there  are  four  faces  parallel  to  11  (0  =  90°)  and  two  faces 
perpendicular  (0  =  0)  (Figure  2.6.1,  8  =  0°).  Therefore, 


1  d 

TT7  rrr 0  io 


■VcVo[  4^  +  2(°) 


8  R  V“  ,  and 
o  c  o  ’ 


(2.6.211 


d 

TTF  °  l  L 


VcV  4(n+2(2)  ] 


■8  R  V2. 
o  c  o 
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When  the  cube  is  oriented  with  II  along  a  body  diagonal,  it  can 
be  shown  that  the  normals  to  all  cube  faces  make  an  angle  of 
54.74°  with  II  (Figure  2.6.1,  is  =  55°).  This  is  the  angle  i<m 
which  V7g,  the  shift  in  energy  levels,  is  zero.  Then 


—  4-0.,,  «  -R  t  V,2f  6(4/3)  ]  =  -8  11  x.V2  and 
a.Q  at  10  o  c  o  v  ’  J  o  c  o‘ 


1  d 

a  j j  nr  a 1 1 


■Vc'or6(4/J) 


-8  R  i  .V, 
o  c  o 


When  the  cube  is  oriented  so  that  two  sides  are  parallel  to  llf 
and  four  sides  make  an  angle  of  45°,  (Figure  2.0.1,  =  00°), 


1  d 
0  10 


10 


"RoTcVo[’2(2)  +  4(1)  ] 


R  o  V,  and 
o  c  o 


d 


Tt  all 


-RoTcV2r2(n  +  4(3/21  ! 


1  ^  V" 
o  c  o 


(2.0.23) 


It  can  be  shown  that  for  all  cube  orientations  in  which  a  face 
diagonal  (dotted  line  in  Figure  2.6.1)  is  perpendicular  to  II 
the  relaxation  rates  for  and  are  equal  and  are  inde¬ 

pendent  of  cube  orientation.  This  is  not  in  agreement  with  pre¬ 
vious  predictions^2^.  However  those  calculations  did  not 
include  the  T •>  .  and  T 9  terms. 

R i ght-C i rcular  Cylinder: 

Consider  a  closed  right  circular  cylinder  with  radius  R  and 
length  L,  define  c  =  L/R,  and  let  0  be  the  angle  between  H  and 
the  cylinder  axis.  On  the  end  faces,  the  angle  ■»  between  II  and 
the  surface  normal  is  equal  to  8,  while  for  points  on  the  curved 
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surface,  this  angle  is  given  by  cosh  =  sinusinB,  where  the  azi- 
muthal  angle  *  is  shown  in  Figure  2.6.2.  Integrating  over  the 
entire  surface, 


J 

Tf  °10 


- R  t  V“  (4ttR“)  ( 1  +  e -  y  s  in“h-cos“(S )  1 1() ,  and 


d 

It 


11 


-R  i  V2 (2uR2)  (l  +  c  + 
o  c  o  ^ 


L" 

7 


•>  i 

s  i  n  “  H  +  c  o  s  “  H  1  o  .  ^  . 


For  a  long  cylinder  ( c  >  > 1 )  ,  this  reduces  to 

lit  °  1 0  =  -R0tcVo(4,r2c)(1-  i  sin28)a10,  and 

iff  °n  ■  -i'0vvo(2’lR2c>t1*  t 


(2.0. 24  1 


(2.(i.251 


1 


while  for  a  flat  disk  (e<<l) 

TTt  a10  °  -R0TcV2(4nR2)(l-cos2B»c(l-  f  s  i  n2.' )  I  '  j  „ ,  ami 

3t  all  ‘  -R0tcV2(2,R2)tl»coS2B)ou. 

Mote  that  the  longitudinal  and  transverse  relaxation  rates  be¬ 
come  equal  to  each  other  at  R  =  54.74°  for  any  value  of  .  Again, 
this  is  the  angle  for  which  V?q,  the  shift  in  the  energy  levels, 
is  zero. 

These  relaxation  rates  do  vary  with  cell  orientation.  \t  ;•  =  0 
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for  the  cylinder  and  8  =  90°  for  the  disk,  the  longitudinal  re¬ 
laxation  rate  is  twice  the  transverse  rate.  Attain  note  that 
these  rates  are  due  only  to  the  anisotropic  quadrupole  perturba¬ 
tion,  and  not  to  other  effects  such  as  dipole  perturbations. 

2.8.4  Hxpe  r imental 

Measurements  of  longitudinal  and  transverse  relaxation  rates  were  made 
using  a  cube-shaped  cell.  The  l'used-silica  cube,  approximately  1  cm  on 

a  side,  was  evacuated  and  then  filled  with  a  dry  vapor  of  mercury  en- 

199  '*01  1  1 

riched  with  t lie  isotopes  '  Hg  and  “  1 1  g  at  a  density  ol  about  10 

atoms/cm'.  The  cell  did  not  contain  a  buffer  gas. 

The  transverse  orientation  moment  was  detected  by  means  of  the  transverse 
rf  Faraday  effect  using  the  apparatus  described  in  Section  1.2.  Relaxa- 
t  i  on  rates  were  determined  using  modified  pulsed  NMR  techniques.  “  At 
the  start  of  each  measurement,  both  shutters  were  closed,  and  no  current 
was  applied  to  the  All  coils.  A  longitudinal  moment  was  established  by 
opening  the  pump-beam  shutter  for  80  seconds,  which  is  about  ten  times 
longer  than  the  pumping  time.  The  pumping  time  is  the  time  required  to 
orient  a  fraction  1/e  of  the  atoms,  assuming  no  relaxation.  For  measure¬ 
ment  of  the  longitudinal  relaxation  rate  1/Tj,  the  pump  shutter  was 
closed,  and,  after  a  measured  delay,  the  readout  shutter  was  opened  simul 
tancously  with  the  application  of  a  short  pulse  through  the  \f  coils.  Fin 
pulse  was  controlled  by  the  switching  circuit  and  was  adjusted  such  that 
the  longitudinal  moment  was  rotated  by  90°,  making  it  observable  with 
Faraday  readout.  The  resulting  amplitude  was  recorded  on  a  T-Y  recorder 
for  various  values  of  the  delay  time.  The  amplitude  (after  the  pulsel 
versus  the  delay  time  can  be  least-squares  fitted  to  an  exponential 
function  to  determine  the  relaxation  rate.  For  measurement  of  the  trans¬ 
verse  relaxation  rate  1/T,,  the  pulse  was  applied  simultaneously  with  the 
closing,  of  the  pump-beam  shutter,  so  that  a  transverse  distribution 
existed  during  the  measured  delay  time,  after  which  the  readout  shut tei 
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was  opened  and  the  signal  was  observed.  Note  that  the  readout  and  pump 
light  could  not  affect  the  measured  relaxation  rates,  since  all  relaxation 
took  place  with  both  beams  off. 


[t  is  important  to  check  for  the  presence  of  non-exponential  decay  when 
analyzing  the  results  of  this  experiment ^ ^ .  Such  departure  from  ex¬ 
ponential  decay  can  occur  if  V  7  ^ ,  the  shift  in  the  magnetic  energy  levels 
due  to  the  quadrupolc  perturbation,  docs  not  average  to  zero  over  the 
entire  cell  surface  [see  Section  2.4).  It  can  be  shown  that  this  average, 
is  zero  over  the  surface  of  a  cube  for  all  orientations  with 
respect  to  the  II  magnetic  field.  A  nonzero  average  can  be  caused  by  the 
presence  of  the  cell  sealoff  tip  (a  major  source  of  this  effect  in 
spherical  cells)  or  by  a  slight  elongation  of  the  cell  shape  (the 
cell  walls  were  not  flat  enough  to  verify  any  elongation).  It  can  be 
shown  that  either  of  these  two  effects  will  result  in  a  value  of  <V;„> 
which  has  the  same  angular  dependence  as  V7q  itself: 


60) 


P7(cos0)  =  4-13cos20-1), 


2.o. 


where  0  is  now  the  angle  between  H  and  an  axis  whose  orientation  with, 

'  0 

respect  to  the  cell  depends  upon  the  cell  shape.  The  functional  ferm  of 
the  decay  transient  ior  transverse  relaxation  is  shown  in  Section  2.1 
be  given  by 


S  ( t )  =  S(0)c  t/,r  (  2  +  Scoswgt) 


-  .  0 


s  \ 


where  Sjt)  is  the  signal  at  time  t,  1  is  the  relaxation  time,  and  .  i' 
proportional  to^V-,^  .  longitudinal  decay  transients  are  believed,  to  be 
unaffected  by  a  non:cro  . 

Measurements  of  longitudinal  and  transverse  relaxation  rates,  1  ’i^  and 
1  i,,  were  made  for  a  cube- shaped  cell  in  several  orientations.  Specific¬ 

ally,  measurements  were  made  along  the  three  equivalent  =  0°  axes,  three 
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of  the  four  equivalent  B  =  55°  axes,  aiul  three  of  the  six  equivalent 
i-  =  90°  axes.  The  axes  arc  identified  by  numbers  in  Figure  2.6.5.  The 
term  "equivalent  axes"  refers  to  the  fact  that  a  given  value  of  can  be 
obtained  with  respect  to  different  cube  faces.  For  instance,  the  .  =  55° 

axis  can  be  obtained  by  aligning  H  along  any  of  the  four  cube  body 
diagonals.  The  individual  cube  faces  can  be  identified  by  features  such 
as  hubbies,  scratches,  or  the  location  of  the  sealoff  tip  (not  shown  in 
F  i  gure  2.0.3). 

Longitudinal  and  transverse  decay  transients  were  nonl i near- 1  east - squa res 
fitted  to  equation  (2.6.28).  All  of  the  longitudinal  decay  transients 
yielded  Uq  equal  to  zero, within  experimental  uncertainty,  and  relaxation 
times  between  40  and  44  seconds,  showing  no  apparent  variation  with  cell 
orientation.  The  transverse  decay  transients  yielded  relaxation  times  a 
few  percent  shorter  than  the  corresponding  longitudinal  relaxation  times, 

and  values  of  as  shown  in  Table  2.6.1. 

Note  that  the  values  of  u>  .  are  roughly  proportional  to  1 1’ (cose  )  |  .  There- 
fore,  if  the  cell  is  assumed  to  be  elongated  along  axis  “ 3 
in  Figure  2.6.5,  then  the  results  can  be  explained  in  terms  of  the  non¬ 
exponential  decay  which  is  predicted  for  cells  with  such  a  sliane. 

(in') 

Previous  results'-  had  indicated  that  the  transverse  relaxation  rate 
did  vary  with  the  cube  orientation.  It  is  now  believed  that  the  apparent 

variation  was  due  to  a  small  departure  from  exponential  decay,  which  was 

not  severe  enough  to  cause  a  noticeable  curvature  in  a  logarithmic  plot 
of  signal  vs  time  (which  should  be  a  straight  line  for  an  exponential 
decay),  but  was  able  to  affect  the  apparent  slope  of  the  line,  which  is 
proportional  to  the  relaxation  rate.  The  previous  experiments  were  net 
conducted  on  more  than  one  of  the  equivalent  cube  axes,  and  they  did  not 
measure  longitudinal  relaxation  rates. 
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TABLE  2.6.1  -  Values  of  Quadrupole-Spl i tting  Parameter 
for  Various  Cube-Shaped  Cell  Orientations 


Axis  It 

0  (see  Figure 

4) 

ojq(x103) 

(Hz) 

P?  (cosO) 

1 

0 

8.3±1.5* 

1 

1 

O 

Ln 

2 

0 

14.3H.3 

-0.  5 

3 

0 

21.510.8 

1 

4 

55 

5.H2.6* 

0 

5 

55 

0. 0  +  0. 1 

0 

6 

55 

i-H 

• 

o 

+1 

o 

o 

0 

7 

90 

5.111.9 

.15 

8 

90 

6.413.1 

.25 

9 

90 

10.  HI.  6 

-0.5 

^values 

not  reproducible 

from 

day  to  day 
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2.7  CONCLUSIONS 

The  results  described  in  this  section  show  that  the  four- level  snin  svstem 
201 

ot  “  Ilg  can  be  conveniently  described  in  terras  of  spherical  basis  oper¬ 
ators,  and  that  this  description  can  predict  effects  which  are  not  pre- 
dieted  by  the  simpler  but  less  rigorous  description  of  “  Hg  as  three 
two-level  spin  systems.  The  results  also  indicate  that  a  description  of 
a  quadrupole  perturbation  solely  in  terms  of  the  shift  in  energy  levels, 
without  including  the  effects  of  torques  which  may  also  be  present,  might 
not  be  sufficient  for  predicting  the  effects  of  such  a  perturbation. 
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3.  CELL  FABRICATION  AND  TESTING 

3. 1  TIP-ONLY  HEAT  TREATMENTS 

The  surface  of  the  cell  near  the  sealoff  tip  can  be  expected  to  he  diff¬ 
erent  from  the  remainder  of  the  cell  surface,  since  the  latter  is  linked 
for  several  days  to  achieve  maximum  cleanliness  while  the  former  is 
freshly  created,  by  glassblowing,  at  the  time  of  sealoff,  and  is  never 
subsequently  baked  in  a  high-vacuum  system.  It  had  been  suggested  that 
only  this  unbaked  surface  near  the  cell  tip  is  responsible  for  the  strong 
relaxation  observed  in  cells  just  after  sealoff,  and  that  the  changes  in 
the  cell  surface  which  are  caused  by  heat  treatments  occur  mostly  at  that 
area.  This  hypothesis  was  tested  by  applying  heat  treatment  only  to 
the  tip  area. 

Two  cells,  C-2  and  W-165,  were  given  tip-only  heat  treatments  to  deter¬ 
mine  if  the  cell  tip  area  is  the  dominant  region  of  the  cell  surface  for 
mercury  relaxation.  The  first  treatment  was  done  in  a  small  funnel- 
shaped  apparatus  made  from  fused  silica,  sketched  in  figure  3.1.1a.  After 
a  one-hour  heat  treatment  at  920°C,  neither  cell  showed  signals.  How¬ 
ever,  a  thermocouple  placed  inside  the  tip  of  a  dummy  cell  (figure  3.1.lbl 
showed  that  the  temperature  inside  the  tip  probably  had  not  exceeded 
S 0 0 ° ( 1 .  Tt  was  found  that  three  turns  of  nichrome  wire,  placed  directly 
around  the  cell  tip,  could  raise  the  inside  temperature  to  about  ~30°C,  as 
measured  by  the  thermocouple.  In  the  past,  most  cells  showed  moderate 
signals  after  a  750°C  heat  treatment,  but  these  two  cells  still  showed  no 
signals  after  a  second  tip-only  heat  treatment  with  the  heater  wire 
directly  on  the  cell  tip  as  described  above.  The  cells  were  then  given 
a  one-hour  heat  treatment  in  an  oven  at  750°C  after  which  they  showed  mod¬ 
erate  signals  but  short  (<2s)  relaxation  times.  These  results  strongly 
suggest  that  the  relaxation  of  the  nuclear  spins  is  not  confined  to  the 
tip  area,  but  that  it  occurs  over  the  entire  inner  surface  of  the  cell. 
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The  two  cells  then  were  given  a  930°C,  one-hour  heat  treatment.  Cell 

199  o 

W-165  then  showed  maximum  relaxation  times  of  70s  for  *  llg  (at  150  Cl 
and  56  s  for  “  1 1 Ig  (at  300°C).  These  values  are  similar  to  those  of  other 
cells  made  from  the  same  material.  Cell  C-2  showed  performance  slightly 
poorer  than  that  of  W-165.  Both  cells  improved  after  the  930°C  heat 
treatment , but  not  after  the  tip-only  heat  treatment,  which  further  indi¬ 
cated  that  the  mercury  relaxation  is  affected  by  changes  which  occur  over 
the  entire  cell  surface. 

3.2  FFFHCTS  OF  ABBREVIATlil)  HEAT  TREATMENT  PROCEDURE 

Nearly  all  of  the  cells  made  during  the  past  few  years  were  given  a  series 
of  one-hour  heat  treatments  at  about  750°C,  850°C,  and  925°C.  Signal 
strengths  and  relaxation  times  usually  increased  after  each  heat  treat¬ 
ment,  and  rarely  improved  significantly  after  additional  heat  treatments. 

A  test  was  conducted  to  determine  whether  the  first  two  heat  treatments 
were  necessary  for  achieving  good  cell  performance.  Five  cells  from  the 
same  batch  were  used  for  this  test.  Two  of  them  received  the  sequence 
of  three  heat  treatments  at  different  temperatures,  and  the  other  three 
received  heat  treatments  only  at  the  highest  temperature.  The  relaxation 
times  of  these  cells  at  200°C  are  shown  in  Table  3.2.1  below.  These 
results  indicate  that  the  765°C  and  860°C  treatments  are  not  crucial  and 
that  the  930°C  heat  treatment  is  the  most  effective  toward  improving  cell 
performance.  The  first  two  heat  treatments  have  therefore  been  omitted 
during  processing  of  cells  made  after  this  test. 


TABLH  3.2.1  -  T  199//t201  at  ^00°C  After  Different  Heat 
Treatment  Sequences 


Cell 

T rca tmen  t 

W-156  W-159  W-162 

High  Temperature  Only 

W  -  1  5  7  K-  1 6  0 

St  a ndard 

After 

76  5°  C 

- 

- 

0.6/1  .4 

0. 8/1 . 6 

After 

860°C 

- 

- 

- 

72/34 

7  0/  3  3 

After 

9  50°C 

53/27 

96/32 

3  4/19 

70/29 

85/30 

A  f  t  c  r 

930°C 

70/29 

86/29 

42/19 

69/28 

74/2’' 
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3.3  Till:  CAGNAC  CHLL  STABILIZATION  MbTHOI) 

__  ■  ("’ll 

A  heat  treatment  procedure  was  suggested  by  B.  Cagnacv“  ,  who  was  able 

to  produce  stable  ceils  by  repeatedly  cycling  the  cell  temperature  between 
room  temperature  and  400°C  while  continuously  exposing  the  cells  to  reso¬ 
nant  ultraviolet  radiation.  This  procedure  was  tested  recently,  using 
cells  prepared  on  both  ion  pumped  and  oi 1-di ffusion  pumped  vacuum  systems. 

Three  cells  from  the  hatch  used  to  test  the  abl  reviated  heat  treatment 
(see  Section  3.2  above)  received  the  Cagnac  treatment.  The  first  four 
heat  cycles  were  done  in  the  rcl axa t i on- t ime  measurement  apparatus.  The 
relaxation  times  were  short,  but  the  cells  improved  slightly  with  each 
cycle.  For  instance,  typical  "^Mg  relaxation  times  at  400°C  were  0.‘.)  s, 
1.2  s,  1.5  s,  and  2.0  s  during  the  four  respective  heat  cycles.  Next, 
the  cells  received  26  heat  cycles  in  a  different  oven,  exposed  to  strong 
resonant  uv,  which  caused  a  slight  decrease  in  relaxation  time, but  a 
drastic  decrease  in  mercury  vapor  density.  At  this  point,  the 
observed  relaxation  times  were  not  more  than  a  few  seconds.  Finally,  the 
cells  were  given  a  930°C  heat  treatment,  after  which  their  vapor  densi¬ 
ties  and  relaxation  times  were  comparable  to  the  other  cells  in  the  batch 
after  a  030°C  heat  treatment.  Typical  relaxation  times  at  this  point  are 
shown  in  Table  3.3.1,  and  can  lie  compared  with  values  for  other  cells  from 
the  same  batch  shown  in  Table  3.2.1.  Subsequent  exposure  to  strong  reso¬ 
nant  uv  caused  the  relaxation  times  to  drop  to  as  low  as  one  tenth  uf  the 
values  shown  in  Table  3.3.1,  as  well  as  causing  a  slight  reduction  in 
vapor  density.  The  results  on  these  cells  do  not  duplicate  Dr.  I'agnac's 
results.  The  monotonic  increase  in  relaxation  time  with  temperature  and 
gradual  overall  increase  in  relaxation  time  with  successive  heat  cycles 
which  were  observed  with  these  cells,  are  not  observed  in  the  cells  pre¬ 
oared  u:.  ini'  the  usual  methods.  Most  cells  exhibit  long  relaxation  tine,  on 
after  h i gh- temperature  heat  treatment,  rather  than  after  1 ow- t empe ra t ur e 
heat  cycling  with  resonant  uv. 
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TABLE  3.3.1  -  Relaxation  Times  after  Cagnac  Cycles 
followed  by  a  930°  Heat  Treatment 


Cell 

T19g(200OC) 

t201  (200°C) 

W-155 

55 

32 

W-  158 

78 

34 

W- 161 

63 

27 

A  new  batch  of  cells  was  then  fabricated  and  filled  using  the  oil-dif fu¬ 
sion-pump  vacuum  system  in  order  to  duplicate  more  closely  the  experimen¬ 
tal  method  used  by  Cagnac.  The  cells  were  baked  at  1000°C  for  two  days, 
but  a  leak  became  evident  when  the  cells  were  cooled.  fortunately,  the 
leak  was  found  before  the  mercury  ampoule  had  been  broken.  The  leak  was 
fixed  and  the  cells  were  baked  again  for  several  days  at  1000°C  with  the 
system  pressure  going  as  low  as  2  x  10“  torr  with  all  heaters  on.  The 
cells  were  cooled  slowly  to  700°C  and  the  oven  was  then  removed.  The 
mercury  ampoule  was  cooled  to  about  0°C,  and,  when  the  break-tip  seal  was 
broken,  the  system  pressure  gradually  rose  to  about  5  x  10~7  torr.  At 
this  point,  a  glass  valve  was  closed,  isolating  the  cells  and  ampoule 
from  the  rest  of  the  system.  The  mercury  was  driven  into  the  cell  mani¬ 
fold,  which  was  then  sealed  off  from  the  vacuum  system.  The  cells  were 
kept  at  elevated  temperatures  with  the  manifold  tip  in  liquid  nitrogen 
for  four  days,  after  which  the  cells  were  removed  from  the  manifold. 

The  batch  was  divided  into  two  groups  of  four  cells  each.  The  control 
group  received  heat  treatments  at  940°C  and  at  950°C  for  one  hour,  and 
the  test  group  received  29  heat  cycles  exposed  to  resonant  uv.  N'MK  sig¬ 
nals  were  sought  during  the  first  three  heat  cycles  and  during  the  last 
heat  cycle,  but  no  signals  were  found.  This  group  of  cells  was  then 
given  a  940°C  one  hour  heat  treatment,  after  which  strong  signals  were 
observed.  The  results  for  all  cells  arc  summarized  in  Table  3.3.2  below. 
Note  that  there  is  no  significant  difference  between  the  performances 
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of  cells  from  the  two  groups  after  the  first  heat  treatment,  and  that  the 
performance  of  the  control  group  degraded  slightly  after  the  second 
heat  treatment.  Excessive  heat  treatments  have  been  observed  to  degrade 
the  performance  of  cells  in  previous  batches. 

TABLE  3.3.2  -  Relaxation  Times  for  Cells  Prepared 
on  Oil-Di f fusion  Pump  System 


After  first  Heat  Treatment  After  Second  Heat  Treatment 
200°C  Maximum  200°C  Maximum 


C  roup 

Cell 

199 

20  1 

199 

201 

1  99 

201 

1  00 

2  0  1 

Tes  t 

IV- lb  7 

78 

s 

36  s 

78  s 

52  s 

- 

- 

- 

- 

W-  1  60 

04 

30 

94 

4  4 

- 

- 

- 

- 

W  -  1  7 1 

109 

4  5 

109 

61 

- 

- 

- 

- 

W-  173 

83 

43 

108 

62 

- 

- 

- 

- 

Cont ro 1 

W  -  1  6  8 

00 

s 

39  s 

98  s 

55  s 

75  s 

34  s 

7  5  s 

4  0  : 

W-  170 

01 

33 

91 

53 

74 

20 

74 

30 

W-172 

129 

44 

129 

69 

113 

41 

1 1  3 

6  1 

IV-  I  74 

119 

45 

119 

6  3 

120 

4  3 

120 

6  2 

A 1 1  hough 

the  current 

batch 

1  o  f 

cells  was 

fi lied 

us  i  ng 

a  n  oil 

d  i  f  f us i on 

[lumped  v 

acuum  system. 

s  i  in  i  1  a  r 

to  the  system  used  by 

Cagnac  , 

his  result 

s 

were  still  not 

reproduced 

here 

,  since  no 

signals  were  observed  before 

the  94  0°C  heat  treatment 


3 . 4  WATER- ERE E  SPECTKOS I L  CELLS 

\  water-free  form  of  the  Spcctrosil  brand  of  fused  silica  (Thermal  - 
\merican  fused  Quart:  Co.,  Mont vi 1 1 e ,N.H  has  recently  become  available. 

The  suitability  of  this  type  of  silica  for  cell  fabrication  was  tested  hv 
making  a  batch  of  four  cells  (C-l  through  C-4)  from  this  material  a  ml  four 
cells  (W-163  through  W-106)  made  from  Suprasil  W,  the  material  normal  lv 
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used  for  cells.  In  a  new  cell  bakeout  technique,  applied  for  the  first 
time  to  this  batch,  the  high  temperature  cell  bakeout  was  not  started 

_  g 

until  the  vacuum  system  pressure  had  dropped  to  10  torr  with  the  en¬ 
tire  system  at  400°C.  The  pressure  rose  more  than  expected  when  the  cells 
and  manifold  of  this  batch  were  first  heated  to  1000°C,  but  it  then  de¬ 
creased  as  cell  bakeout  was  continued. 

Cells  W-165  and  C-2  received  the  tip-only  heat  treatments  described  in 
Section  3.1.  The  other  six  cells  received  930°C  heat  treatment  for  one 
hour.  The  performance  of  these  cells  is  summarized  in  Table  3.4.1 
be  low. 


TABLK  3.4.1  -  Water-free  Spectres i 1/Supras i 1  Cells 
After  One  Heat  Treatment 

T199 *  sec  ^201* 


Cell 

200  C 

250  C 

Maximum 

200  C 

2  5  0UC 

Maximum 

C-l 

5 

33 

59 

16 

42 

6  3 

C-  3 

15 

36 

70 

19 

40 

6  3 

C-4 

6 

35 

65 

14 

38 

5  3 

W-  163 

102 

_ 

102 

44 

_ 

68 

W-  164 

91 

107 

107 

42 

56 

64 

W-  1  66 

76 

98 

43 

59 

59 

6  7 

C-3* 

13 

50 

86 

1  7 

41 

58 

C-4* 

3 

17 

23 

10 

30 

40 

*after  second  heat  treatment 

The  relaxation  times  of  the  water-free  Spectrosil  cells  did  not  rise  as 
quickly  with  temperature  as  those  of  the  cells  made  from  Suprasil  l\ ,  and 
their  maximum  values  were  not  as  high.  Therefore,  the  three  Spectrosil 
cells  were  given  another  heat  treatment,  at  94S°C  for  one  hour.  Cell  f- 1 
lost  most  of  its  mercury  vapor,  and  cells  C-3  and  C-4  showed  s light lv 
poorer  overall  performance.  These  results  indicate  that  water- free 
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Spcctrosil  is  not  as  good  a  starting  material  as  Suprasil  K. 

3.  5  Ml-RCURY  PURI  1;  I  CAT  ION 

During  the  reporting  period,  many  techniques  were  developed  for  improving 
the  purity  of  mercury  and  for  handling  it  under  vacuum.  Most  of  these 
techniques  were  developed  during  fabrication  of  the  e lect rode  less  lamps 
which  are  needed  for  these  optical  pumping  experiments,  and  there  fore  ,  the 
effects  of  such  techniques  upon  relaxation  in  NMR  cells  have  not  yet  been 
det  e rm i ned . 

The  i sotop i cal ly-enrichcd  mercury  is  currently  being  received  in  the  form 
of  mercury  oxide,  and  not  in  the  form  of  mercury  metal  as  had  been  receive*, 
previously.  The  oxide  is  reduced  by  heating  under  vacuum.  During  such 
heating,  oxygen  is  released,  along  with  smaller  quantities  of  water  and 
other  atmospheric  constituents.  A  residue  remains  after  the  mercury  has 
been  distilled  away  from  the  area  where  the  oxide  is  decomposed.  Ffforts 
are  currently  underway  to  identify  this  residue. 

flie  mercury  then  receives  multiple  distillations  under  vacuum,  using  a 
long  vertical  silica  tube  and  a  movable  ring-shaped  cold  trap.  The  mer¬ 
cury  droplet  is  placed  at  the  closed  bottom  end  of  the  tube  and  the  top 
end  of  the  tube  is  attached  to  the  vacuum  system.  The  ring-shaped  cold 
trap  is  placed  around  the  tube,  about  two  inches  above  the  mercury.  Klien 
the  mercury  is  heated,  it  evaporates  and  then  condenses  as  a  thin  film 
near  the  cold  trap.  The  trap  is  then  raised  two  inches  and  the  process 
is  repeated.  In  this  manner,  the  mercury  can  get  distilled  several  t  ir.es 
without  having  to  be  driven  for  long  distances  within  the  vacuum  system. 

('nee  the  reduction  and  distillation  has  been  completed,  the  purified 
mercury  is  isolated  in  a  break-tip  ampoule  during  the  h i gh- tonne  rat ure 
bakeout  of  the  cells  or  lamps.  Therefore,  any  impurities  generated  during 
bakeout  cannot  come  in  contact  with  the  purified  mercury.  The  use  of 
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such  ampoules  is  probably  the  most  important  step  in  maintaining  the 
mercury  purity,  since  mercury  is  excellent  getter  and  will  readily  absorb 
many  contaminants. 

When  the  break-tip  seal  is  opened,  a  small  but  significant  "puff"  of  gas 
can  be  detected  by  the  residual  gas  analyzer.  This  indicates  that  some 
outgassing  has  occurred  inside  the  sealed-off  ampoule.  To  reduce  the 
effects  of  such  outgassing,  a  non-evaporable  getter  (S.A.li.S.  ST-1711  was 
placed  in  a  side-arm  attached  to  one  of  the  ampoules,  in  order  to 
absorb  any  outgassed  impurities.  The  getter  can  act  as  a  pump  only  after 
it  is  activated  by  heating  to  about  900°C.  Unfortunately,  a  large  amount 
of  organic  impurities  was  released  during  the  activation,  and  it  took 
several  days  to  reduce  the  concentration  of  these  impurities  to  an  accep¬ 
table  level.  The  ampoule  containing  the  getter  and  the  multiple-distilled 
mercury  was  then  sealed  off.  When  it  was  opened  several  days  later,  no 
puff  of  gas  was  detected.  However,  the  organic  impurities  again  showed 
up  as  the  mercury  was  heated  to  be  driven  into  the  lamps.  Therefore, 
more  work  is  needed  in  order  to  utilize  the  getters  most  effectively, 
although  they  do  show  promise  for  improving  the  mercury  cleanliness. 

As  mentioned  above,  these  techniques  were  developed  mostly  while  fabri¬ 
cating  lamps.  In  the  near  future,  they  will  be  used  for  filling  NMR 
cells,  and  their  effects  upon  cell  performance  will  then  lie  tested. 
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4.  COMPLEMENTARY  INVESTIGATION'S 


4.  1  SlIRTAGT  ANALYSIS  OI:  GULL  WALL  MATERIALS 

In  the  past,  much  information  on  the  relaxation  of  mercury  nuclear  .-'-ins 
has  been  obtained  through  measurements  of  the  decay  rate  of  signals 
arising  from  optically-detected  precession  of  the  spins.  However,  this 
technique  cannot  measure  directly  the  interaction  between  the  cell  wall 
and  a  mercury  atom  at  a  specific  site  on  the  wall  during  a  single  short 
sticking  time,  and  it  cannot  characterize  the  state  of  the  wall  surface, 
except  in  general  macroscopic  terms.  Various  surface  spectroscopic 
techniques,  including  X-ray  photoelectron  spectroscopy  (XPS  or  1Si'\), 
seceiula rv- i on  mass  spectroscopy,  ion  scattering  spectroscopy,  and  Auger 
electron  spectroscopy,  recently  have  become  readily  available.  These 
techniques  are  sensitive  to  the  atomic  composition  and  oxidation  states 
of  the  atoms  in  the  first  few  atomic  layers,  which  is  the  portion  of  the 
cell  which  interacts  most  strongly  with  the  nuclear  spins  of  the  mercurv 
vapor  atoms.  X-ray  photoelectron  spectroscopy  can  identify  the  atoms 
present  at  the  surface  and  can  also  determine  their  oxidation  state. 
Secondary- i on  mass  spectrometry  is  extremely  sensitive  for  detection  of 
certain  impurities,  especially  alkali  metal  atoms.  Ion  scattering 
spectroscopy  is  sensitive  only  to  the  outermost  atoms  at  the  surface, 
which  are  the  atoms  which  interact  most  strongly  with  the  mercury  nuclei 
spins.  Auger  electron  spectroscopy  is  sensitive  to  the  electronic  state 
of  the  surface  atoms,  and  has  an  imaging  capability  with  a  resolution  of 
0 .2  mi c  rons . 

Die  main  disadvantage  of  these  techniques  is  that  the  cell  must  be  broke 
in  order  to  perform  the  analyses.  It  is  possible  that  the  cell  wall  n ,  g 
change  during  the  process  of  breaking  the  cell,  mounting  a  piece  of  the 
ceil  wall  into  a  sample  holder,  and  inserting  it  into  the  vacuum  sv-ter 
for  analysis.  Despite  this  drawback,  these  analysis  techniques  can  aid 
greatly  in  characterizing  the  impurities  present  on  the  cell  surface. 


(>d 
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Several  cell  surfaces  were  analyzed  by  XPS.  This  technique  was  chosen 
because  knowledge  of  the  oxidation  state  of  the  atoms  was  desirable  and 
because  XPS  causes  the  least  amount  of  damage  to  surfaces  such  as  silica. 
The  analyses  were  performed  at  the  analytical  laboratory  of  Perkin- hlmer , 
Physical  Electronics  Div. ,  Eden  Prairie,  Minn. 

Three  cells  were  investigated:  W-133  (a  high-quality  cell),  K-132  (a 
high-quality  cell  which  had  been  degraded  bv  exposure  to  resonant  uv'l  and 
a  control  cell  (a  cell  which  had  been  sealed  off  with  mercury  , but  had  not 
been  heat  treated).  All  cell  surfaces  were  found  to  have  silicon  and 
oxygen  in  chemical  states  identical  to  that  of  SiO-,.  No  mercury  and 
no  other  impurities  were  detected.  No  differences  in  surface  composition 
or  structure  were  found,  except  for  variations  in  the  distribution  of 
chemical  states  of  carbon  adsorbed  from  the  lab  atmosphere.  It  is  not 
known  whether  this  difference  was  significant  in  relation  to  cell  per¬ 
formance  or  if  it  was  due  to  random  variations  among  the  samples.  The 
results  of  these  tests  indicate  that  the  difference  between  good  and  bad 
cells  is  not  due  to  an  overall  change  in  composition,  but  that  it  is  due 
either  to  some  subtle  change  of  the  entire  cell  surface  or  to  a  gross 
change  of  a  small  portion  of  the  cell  surface  area.  The  sealoff  tin  was 
considered  to  be  a  likely  area  for  such  a  gross  change  (see  Section  3.1  i. 

These  observations  indicate  that  the  fabrication,  hakeout ,  and  processing 
of  the  cells  remove  most  foreign  substances  and  result  in  cells  with 
clean  SiO^  walls.  Hydrogen,  as  well  as  oxygen  combined  with  elements 
other  than  silicon,  may  also  have  been  present,  but  could  not  be  ob¬ 
served  by  the  techniques  employed. 

i .  2  S I L I CA  CLASS  BLOWER’ S  SMOKE 

,t  iuui  been  suggested  that  the  relaxation  of  mercury  in  fused  silica  o  1  , 
might  be  a  I  footed  by  particles  of  so-called  "g 1  as sb 1  owe r 1 s  smoke"  which 
mu-  end  up  in  the  cell  alter  sealoff.  This  "smoke"  is  a  white,  powder\ 

:  i  i  m  which  is  produced  during  the  strong  heating  needed  for  shaping  >'t 
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fused  silica  or  for  sealoff  of  cells.  Although  some  sources  claim  that  it 
is  composed  of  silicon  monoxide  (SiO)  it  was  determined  by  XPS  surface 
analysis  to  be  fused  silica  (SiO?).  However,  such  small  particles  of 
fused  silica  may  have  different  surface  properties  than  the  silica  of  the 
cell  wall,  and  may  cause  relaxation  of  the  mercury  nuclear  spins.  ;  xperi- 
ments  were  performed  to  test  whether  such  smoke  would  he  affected  bv  the 
heat  treatments  which  are  known  to  improve  the  performance  of  X M R  cells. 

Several  samples  of  silica  "glassblower ' s  smoke”  were  prepared  to  test 
whether  such  smoke  is  affected  by  a  typical  9S0°C  cell  heat  treatment. 

The  samples  were  divided  into  three  groups:  one  receiving  a  bakeout 
at  (-hS0°C  for  ten  days  under  vacuum,  another  receiving  a  similar  baking 
in  the  ambient  air,  and  a  control  receiving  no  treatment.  After  treatment, 
no  differences  among  the  samples  were  seen  under  a  30X  microscope.  The 
samples  were  then  examined  under  an  electron  microscope,  where  again  no 
differences  could  be  detected.  Therefore,  the  glassblower '  s  smoke,  it' 
present  in  the  cell  after  sealoff,  is  probably  not  eliminated  by  heat 
treatment . 

A  fortunate  accident  confirmed  that  glassblower ' s  smoke  is  not  a  strong 
relaxation  site  for  mercury.  One  of  the  cells,  W - 1 6 4  contained  a  clear), 
visible  amount  of  glassblower ' s  smoke  on  its  inside  surface.  As  can  be 
seen  from  Table  3.4.1,  its  performance  was  not  markedly  different  from 
that  of  the  other  Suprasil  cells  in  this  batch.  Therefore,  it  is  doubt¬ 
ful  that  the  presence  of  small  amounts  of  glassblower ' s  smoke  in  a  cel ! 
will  affect  its  performance. 

4 .  3  fOkRhhAT  [OX  TIMI  Of  fill  WA1.1.  POTb.NT  1 AI,  IHJi;  TO  MOTION  Ob'  Till  Mlih'Hhi 
ATOM 

burin)  attempts  to  explain  the  apparent  dependence  of  relaxation  time 
upon  cubic  cell  orientation,  the  possibility  of  a  long  correlation  time 
is  a  s  eons  i  de  red.  1  he  predicted  relaxation  time  is  independent  of  cel  1 
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orientation  only  if  is  small  compared  to  unity,  where  w  is  Z~  times 

the  Larmor  frequency,  (see  Sectioi  2.6).  If  u>x  is  not  small,  then  doth 
the  longitudinal  and  transverse  relaxation  times  should  show  a  variation 
on  the  order  of  (o)xc)‘'. 

The  original  calculation  (see  Section  2.6.1)  assumed  that  the  relaxing 
potential  was  a  continuous  stationary  random  fluctuation  with  an  exponen¬ 
tial  correlation  function 

-  t/t 

<V(t)V(t  +  t)>  =  e  c.  [4.5. 1  I 

However,  a  vapor-phase  atom  only  is  affected  by  the  relaxing  potential 
while  the  atom  is  adsorbed  on  the  wall.  The  potential  can  be  modelled  as 
a  continuous  potential  which  is  turned  on  when  the  atom  is  adsorbed  and 
is  turned  off  when  the  atom  leaves  the  surface.  The  correlation  function 
for  this  potential  will  be  different  from  equation  (4.3.1), 

he  assume  that  the  probability  of  an  atom  remaining  on  the  surface  for  a 
"t/ts 

time  t  is  e  ,  independent  of  how  much  time  the  atom  lias  already  spent 

on  the  surface.  Note  that  the  average  time  for  an  atom  to  remain  on  the 
surface  is  then  equal  to  x  .  We  also  assume  that  the  average  travel  time 
between  sticking  events  is  x  ,  so  that  the  probability  of  an  atom  being 
on  the  surface  is  TS/(TS  +  Tv)»  Finally,  and  most  important,  we  assume 
that  the  potential  during  one  sticking  event  is  completely  uncorrelated 
from  the  potential  during  another  sticking  event.  Therefore,  if  t  is 
long  enough  so  that  a  desorption  and  subsequent  readsorption  occurs  hot  wee! 

time  t  and  time  t  +  x,  then  <V(t)V(t  +  t)>  must  be  zero. 

fhe  correlation  function  is  the  ensemble  average  of  the  product 
V  ( t  )  V , t  +  r).  This  is  given  by 

•V(t)V(t  +  x)>=  Prob (particle  on  surface  at  time  t)  (4.3.2! 

x  Prob  (parti cle  still  on  surface  at  time 
(no  desorption) 

x<V(t)V(t  +  t)>  for  particle  remaining  on  xirface 
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1)  the  average  potential  is  reduced  by  a  factor 
t  / (t  +  t  1 ,  and 

S  S  v'  9 

2)  there  is  an  upper  limit  of  Tg  for  the  effective 
correlation  time  t  ^  of  the  potential. 

In  the  special  case  of  the  cubic  cell,  we  can  not  assume  that  different 
sticking  events  are  uncorrelated.  I  f  we  assume  that  the  atom  is  most 
likely  to  desorb  in  a  direction  perpendicular  to  the  surface,  then  the 
atom  is  most  likely  to  end  up  on  the  opposite  cube  face,  where  the  value 
of  the  quadrupole  perturbation  are  the  same.  Therefore,  the  potentials 
at  two  successive  sticking  events  are  correlated. 


The  above  situation  w as  simulated  using  a  Monte-Carlo  calculation.  The 
potential  was  set  equal  to  +2  (arbitrary  units)  on  two  opposite  cube 
faces,  and  to  -1  on  the  other  four  faces.  This  corresponds  to  axes  1-3 
in  figure  2.6.3.  A  particle  was  placed  randomly  on  the  inner  surface, 
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and  then  was  desorbed,  with  the  probability  of  desorbing  at  an  angle  v 

(relative  to  the  normal  to  the  surface)  assumed  to  be  proportional  to 
( 7  7 1 

cost).  The  potential  at  the  point  where  the  particle  hit  the  cube  was 

then  determined.  The  product  of  the  starting  and  ending  potentials  was 
computed  and  was  then  averaged  for  5000  random  paths.  The  result  of  the 
calculation  was  that 

<V(0)2>  =  2 

<V(0)V(1)>  =  0.2  (4.3.4) 

<v(o)v(2)>  :  o 

where  V(0),  V(l),  and  V ( 2 )  are,  respectively,  the  values  of  the  potential 
at  the  beginning,  after  one  trip,  and  after  two  trins  across  the  cel],  uv 
can  define  a  correlation  time  for  this  process  in  terms  of  the  rate  of 
decrease  of  <V(t)V(t  +  x)>,  neglecting  the  fact  that  this  model  onlv  evaluate 
\'(t  +  x)  for  values  of  x  corresponding  to  an  integral  number  of  trips  across 
the  cell.  The  value  of  <V(t)V(t  +  x)>  decreases  by  a  factor  of  ten  after 

one  trip,  and  therefore  the  correlation  time  is  roughly  one  half  of  the 

-  2  ~ 

average  travel  time,  since  e  ~  1/10.  Since  the  actual  travel  times  are 
not  all  equal,  the  degree  of  correlation  after  a  time  t  will  be  less,  which 
means  that  half  the  average  travel  time  is  an  upper  limit  for  the  effec¬ 
tive  correlation  time.  In  the  cube-shaped  cell,  the  average  travel  time 

-  4  7 

i  s  approximately  10  sec,  and  (ux  )“  then  works  out  to  be  less  than  5',’.. 

Any  change  in  relaxation  times  caused  by  this  effect  would  be  less  than 
the  uncertainty  of  the  experimental  results. 
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4.4  AVliRAOH  TRAVEL  DISTANCE  OF  A  MERCURY  ATOM  UTinIX  A  CELL 

The  average  path  length  of  a  mercury  atom  across  the  cell  was  computed 
for  spherical  and  cubic  cells.  If  all  angles  of  desorption  are  equally 
likely,  then  the  average  path  length  is  .  66711  for  a  spherical  cell  of 
diameter  D,  and  .  925L  for  a  cube  with  side  L.  If  the  probability  for 
desorption  at  an  angle  0  is  assumed  to  he  proportional  to  cosO,  ““  then 
the  average  path  lengths  are  .7511  and  .9551,.  A  cubic  cell  has  an  average 
path  length  27"  greater  than  a  spherical  cell  which  fits  inside  the  cube, 
(II  =  L)  but  21%  less  than  a  spherical  cell  which  fits  around  the  cube 
(11  =  L  fZ  =  cube  body  diagonal).  Since  the  relaxation  time  is  expected 
to  be  directly  proportional  to  the  average  path  length,  these  results 
indicate  that  neither  of  these  shapes  is  inherently  better  for  achieving 
long  relaxation  times  by  providing  a  long  average  path,  and  that  the  best 
cell  shape  for  maximizing  the  path  length  is  the  one  that  best  fills  the 
avai lab  le  space. 

4.5  Tin:  HARK  l-ILM  in  mercury  lamps 

An  rf-excited  c lcct rodless - di schargc  mercury  lamp  is  a  system  where  mer¬ 
cury-silica  interactions  are  expected  to  be  stronger  than  the  interaction 
in  NMR  cells.  The  dark  film  which  often  forms  in  these  lamps  lias  been  in 
vestigated,  in  order  to  gain  insight  into  the  mercury-silica  interactions 

which  can  occur  in  both  lamps  and  cells.  Some  of  the  results  were  de¬ 
ll  7  1 

scribed  in  the  previous  interim  report  v  “  .  Ilxami  nat  i  on  by  electron 
microscopy  had  shown  a  complicated  surface  structure,  and  X-ray  analysis 
(1 : 1 1 A X )  had  detected  only  mercury  and  silicon.  The  film  was  stable  in 
acids  known  to  attack  mercury  and  its  oxides.  It  decomposed  at  a  temper¬ 
ature  above  380°C. 

During,  the  current  reporting  period,  samples  of  this  film  were  analyzed 
using.  X-ray  photoe  1  cct  ron  spectroscopy  (XPS)  to  determine  the  chemical 
state  of  this  film.  Only  silicon,  oxygen  and  a  relatively  small  amount 
of  mercury  wore  detected  by  XPS,  with  chemical  shifts  corresponding  to 
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elemental  mercury  and  to  silicon  and  oxygen  as  found  in  fused  silica. 

This  would  indicate  that  the  film  was  a  mixture  of  elemental  mercury  and 
SiO-,.  However,  the  X-rays  necessary  for  XPS  arc  known  to  decompose  mer¬ 
cury  oxides  by  local  surface  heating. ^  Although  no  time  dependence 
was  observed  for  the  chemical  shift  of  the  mercury  XPS  peak,  it  is  still 
possible  that  the  film  had  some  other  chemical  structure  which  was  rapid lv 
decomposed  by  X-rays.  A  similar  atomic  composition  was  found  on  a  region 
of  the  lamp  surface  where  no  film  was  visible.  It  is  doubtful  that  the 
mercury  in  these  clear  portions  was  adsorbed  directly  from  the  mercury 

'l  i  1  ' 

vapor  in  the  lamp,  since  mercury  is  only  weakly  adsorbed  onto  silica. 

It  is  more  likely  that  the  film  growth  occurred  to  some  extent  over  the 
entire  lamp  surface. 


The  tests  described  above  indicate  that  the  film  is  not  composed  solely 
of  elemental  mercury  or  of  its  oxides.  It  is  doubtful  that  impurities 
play  a  major  role  in  film  growth,  since  impurity  levels  monitored  during 
lamp  filling  were  observed  to  be  very  low,  and  since  no  residual  impuri¬ 
ties  were  found  in  the  film  bv  HOAX  and  bv  XPS.  As  was  mentioned  in  t  lie 

( 121 

previous  interim  report v  ,  a  possible  chemical  composition  lor  the  tiln 
is  a  mercury  silicate.  Although  zinc  and  cadmium,  which  arc  direct lv 
above  mercury  in  the  periodic  table,  form  silicates  which  have  high 
melting  points  and  arc  stable  in  most  acids,  no  detailed  descriptions 

of  a  mercury  silicate  or  of  its  preparation  has  been  found  in  the  litera- 

9  17  )ljl  /sox 

tore.  In  fact,  Ropkc  and  I-vsel  ^  reported  that  they  were 

unable  to  synthesize  llg,Sirt^  from  11  g 0  and  S i 0 ^  at  elevated  temperature 
and  pressure.  Therefore  it  is  possible  but  unlikely  that  the  film  is 
composed  of  a  mercury  silicate.  More  likely  compositions  are  a  mixture 
of  elemental  mercury  with  S i 0,  and  a  mixture  of  mercury  oxide  with 
oxygen-deficient  silica.  The  relative  concentration  of  mercurv,  as  de¬ 
termined  by  XPS,  was  small  (about  3"j,  and  it  is  plausible  that  t  li  i  s  small 
amount  of  mercury  or  mercury  oxide  was  protected  from  acid  attack  by 


the  silica  host  (except,  of  course,  for  HI").  The  decomposition  temperature' 
ol  the  film  was  slightly  lower  than  that  of  HgO,  and  one  would  expect 
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that  elemental  mercury  would  he  driven  from  the  film  by  evaporation  at  a 
much  lower  temperature  if  the  film  were  composed  of  elemental  mercury  and 
SiO-,.  Therefore,  the  most  likely  composition  for  the  film  is  a  mixture 
of  mercury  oxide  and  oxygen-deficient  silica. 

A  possible  growth  mechanism  for  the  film  is  a  vapor-phase  reaction  between 
the  mercury  (ground-state  or  excited  atoms,  ions,  or  molecules)  and  the 
silicon  and  oxygen  atoms  sputtered  from  the  silica  surface  by  the  plasma. 
Since  mercury  is  only  weakly  adsorbed  onto  silica,  and  since  no  film 
growth  has  been  observed  in  mercury  cells  which  arc  exposed  to  resonant 
UV  but  not  to  a  plasma  discharge,  the  presence  of  the  discharge  is  pro¬ 
bably  necessary  for  film  growth.  This  hypothesis  is  consistent  with  the 
fact  that  the  film  accumulates  mainly  at  the  regions  of  weakest  discharge, 
since  any  film  grown  in  regions  of  strong  discharge  would  he  removed  by 
the  continuous  sputtering.  It  is  also  consistent  with  the  observation 
that  the  film  appears  to  have  been  deposited  from  the  vapor,  as  opposed 
to  having  grown  by  diffusion  into  the  bulk. 

The  results  of  this  investigation  support  the  hypothesis  that  the  inter¬ 
action  between  mercury  and  fused  silica  is  very  weak,  since  the  proposed 
chemical  reactions  only  occur  after  the  silica  has  been  decomposed  bv 
sputtering.  Other  experimental  techniques  arc  being  sought  in  order  to 
characterize  further  the  nature  of  this  mercury-silica  substance. 

A  presentation  on  this  work  was  made  at  the  March  11)81)  meeting  of  the 
American  Physical  Society,  and  a  paper  has  been  published  in  Applied 
Physics  betters.  Sec  Chapter  5  for  further  details  on  these  publication^. 
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5.  PUBLICATIONS 

5.1  TUL  DARK  FILM  IN  MERCURY  LAMPS 

A  presentation  was  made  at  the  March,  1980  meeting  of  the  American  Physic 
Society  in  New  York  City  I  Paper  H  III  15,  Bui  1  .Amor .  Phvs ,  Soc .  2_5,  258  (!l.*80 
and  a  paper  has  been  published  in  Applied  Physics  Letters  56,  9o5  (1980). 
The  results  are  summarized  in  Section  4.5  of  this  interim  report. 

5.2  L PFFCTS  mil-:  TO  QUAPRUPOLF:  PERTURBATIONS 

The  work  which  is  summarized  in  Chapter  2  of  this  interim  report  is  de¬ 
scribed  in  greater  detail  in  two  Singer  Company,  Kcarfott  Division  Tech¬ 
nical  Reports  (references  II  and  14).  Manuscripts  are  currently  under 
preparation  for  submission  to  the  Physical  Review  A.  Tentative  titles 
are  "Quadrupole  Perturbation  Lffects  upon  the  “  llg  Magnetic  Resonance. 

I.  Lffects  upon  Free  Precession  of  the  Nuclear  Spins,"  and  "II.  Relaxa¬ 
tion  due  to  an  Anisotropic  Perturbation." 

5 .  5  US  11  OF  NMR  RLLAXAT  ION  AS  A  SURI-'ACIi  ANALYSIS  TLCHN'lQUb 
An  abstract  was  submitted  for  presentation  at  the  Fortieth  Annual  Confer¬ 
ence  on  Physical  F.  lectron  i  cs ,  Ithaca,  N.Y.,  dune  1980.  Unfortunately,  it 
was  not  possible  to  include  this  paper  in  the  conference  schedule.  F he 

abstract  appears  below: 

ADSORPTION  OF  Ml: RC DRY  ON  FUSliD  SILICA 
OBSFRVllli  USING  OPT  1  CALLY- PUMPF D  NUCLLAR  MACNFTIC  RFSONANC1 

P.A.  lleimann  and  .1.11.  Simpson 

Singer  Co.,  Kearfott  Div.,  Little  Falls,  N.d. 

The  relaxation  of  a  distribution  of  oriented  vapor-atom  nuclear 
spins  can  serve  as  a  sensitive  probe  of  very  weak  interactions 
between  such  atoms  and  a  solid  surface.  In  experiments  with 
mercury  vapor  and  fused  silica,  we  have  used  this  technique  to 
monitor  heat- induced  changes  in  the  silica  surface  which  have 
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not  been  observable  using  other  techniques.  He  have  also  ob¬ 
served  effects  arising  from  the  presence  of  a  non-zero  average 
electric  field  gradient  at  the  mercury  nucleus  during  physi sorp¬ 
tion.  The  technique  is  sensitive  to  sur face- vapor  interactions 

at  temperatures  where  sticking  times  are  on  the  order  of  10  11 

-  1  8 

seconds  or  less,  and  it  can  detect  changes  as  small  as  10  e\ 
in  the  average  splitting  between  magnetic  energy  levels  of  the 
nucleus  of  the  phvsisorbed  atom. 

He  will  describe  the  principles  of  optical  pumping  and  relaxa¬ 
tion  of  nuclear  spins,  and  we  will  show  how  information  on  the 
strength  and  symmetry  properties  of  the  surface-vapor  potential 

can  be  determined  from  measurements  of  relaxation  rates.  He 

190 

use  two  stable  isotopes  of  mercury:  '"Hg,  which  has  a  magnetic 

■>  o  l 

dipole  moment  and  is  affected  by  local  magnetic  fields,  and  “  (lg, 
which  in  addition  has  an  electric  quadrupole  moment  and  therefore 
is  affected  by  both  magnetic  and  electric  fields.  These  local 
fields  may  arise,  for  example,  from  charged  defects  in  the  silica 
or  from  distortions  in  the  mercury  atomic  charge  distribution  when 
the  atom  adsorbs  onto  the  silica  surface. 

He  will  present  results  which  indicate  that  the  average  s t  ran:  f h 
of  this  interaction  can  vary  by  a  factor  of  10  or  more  between 
room  temperature  and  400°C,  and  can  be  altered  more  drasticallv 
by  heating  the  silica  to  900°T  or  by  exposing  the  mercurv  to 
resonant  uv  light.  Subsequent  liSCA  analysis  of  these  samples 
showed  no  significant  differences  between  those  with  strong  and 
weak  average  surface  fields.  He  will  also  present  results 
which  indicate  that  the  electric  field  gradients,  felt  bv  the 
nucleus  <5  f  the  adsorbed  atom  as  it  hops  about  the  surface,  average 
to  some  non-zero  value,  directed  normal  to  the  surface.  Several 
model:,  for  the  origin  of  this  average  field  gradient  will  be 
p  re:  e  n  ted. 
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fa.  SUGGESTIONS  FOR  FURTHER  STUDY 

The  results  ot'  investigations  of  relaxation  due  to  a  random  lv- fl  uct  uat  i  ng 
quadrupole  perturbation  show  that  the  torque  and  2u>  terms  must  be  in¬ 
cluded  along  with  the  energy-shift  term  in  order  to  describe  the  effects 
accurately.  At  present,  the  calculations  of  the  effects  of  a  steady- 
state  quadrupole  perturbation  do  not  include  these  additional  terms. 
Although  their  predictions  are  in  agreement  with  experimental  results,  the 
calculations  should  be  repeated,  using  all  three  terms  of  the  quadrupole 
perturbation.  New  effects  might  be  predicted  by  such  a  calculation. 

Surface  analysis  of  cell  wall  materials  has  determined  that  any  impuri¬ 
ties  present  are  at  concentrations  less  than  one  percent.  More  sensitive 
surface  analysis  techniques,  such  as  secondary- i on  mass  spectroscopy , 
will  be  able  to  detect  such  impurities  at  lower  concentrations.  The  sur¬ 
faces  of  pvrex  cells  should  also  be  analyzed,  in  order  to  help  explain 
1 q  g  201 

the  long  ‘  llg  and  short  llg  relaxation  times  observed  in  those  cells. 

Other  tests  for  the  effects  of  impurities  include  experiments  which  will 
introduce  certain  impurities  into  the  cell  by  diffusion  through  the  cell 
wall  and  experiments  which  will  attempt  to  remove  charged  impurities  hv 
means  of  a  strong  electric  field  applied  at  high  temperatures  (ion 
sweep i ng ) . 

One  unexplained  property  of  the  NMR  cells  is  that  they  require  a  heat 
treatment  after  scaloff,  despite  the  fact  that  they  arc  heat  treated 
before  sealoff  by  baking  on  the  vacuum  system.  It  is  now  believed  that 
the  new  surface  created  at  the  tip  area  during  cell  sealoff  is  not  the 
major  site  for  relaxation  prior  to  the  first  post-scaloff  heat  treatment. 

1  wo  hypotheses  must  still  be  considered: 

1.  The  presence  of  mercury  vapor  during  heat  treatment  is 

necessary  for  the  beneficial  effects  of  such  a  treatment. 
Therefore,  the  bakeout  on  the  vacuum  system  is  not  sufficient 
to  produce  cells  with  long  relaxation  times. 
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2.  The  sealoff  process  causes  some  species  to  he  release*.!  from 
the  sealoff  area  and  to  be  deposited  over  the  entire  cell 
surface.  A  post-sealoff  heat  treatment  is  required  to 
eliminate  the  relaxing  effects  of  this  deposited  species. 

The  first  hypothesis  can  be  tested  by  making  "wet"  cells,  which  have  a 
droplet  of  liquid  mercury  in  a  reservoir  attached  to  the  cell.  By  con¬ 
trolling  the  temperature  of  the  reservoir  during  heat  treatment,  the 
effects  of  heat  treatment  under  vacuum  and  in  the  presence  of  mercury  can 
be  examined. 

The  species  which  is  released  from  the  sealoff  area  during  sealoff  could 
be  a  volatile  impurity,  such  as  alkali  atoms,  although  these  impurities 
are  not  present  in  large  concentrations .  Although  silica  glassb lower ' s 
smoke  might  also  be  generated,  it  is  not  believed  to  be  a  strong  relaxing 
site.  However,  the  mechanism  which  was  proposed  for  the  dark  film  growth 
in  mercury  lamps  might  be  occurring  on  a  smaller  scale  during  the  cell 
sealoff:  the  silicon  and  oxygen  which  evaporates  due  to  the  intense  heat 

at  the  sealoff  tip  reacts  with  the  mercury  vapor  present  in  the  cell  to 
form  a  thin  layer  of  the  dark  film  material.  Iligher-scnsitivitv  surface 
analysis  might  detect  the  presence  of  such  a  thin  film,  especially  in 
cells  whose  sealoff  tips  were  heated  for  a  long  period  during  sealoff. 
Ixperi meats  such  as  electron  spin  resonance  might  detect  the  presence  of 
paramagnetic  sites  which  could  cause  nuclear  spin  relaxation. 
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APPENDIX:  RESEARCH  OBJECTIVES  §  PERSONNEL 


DESCRIPTION  AND  OBJECTIVES 

This  is  a  basic  research  program  for  investigating  the  interactions  that 
cause  relaxation  of  an  initially  established  nonthermal  angular  distribu¬ 
tion  of  the  nuclear  spins  of  odd  mercury  isotopes.  The  primary  long  range 
goal  of  the  investigation  is  to  understand  the  phenomena  of  spin-relaxa¬ 
tion  interactions  between  mercury  and  the  walls  of  cells  made  from  fused 
silica,  glass,  or  modifications  thereof.  A  major  requisite  for  achieving 
this  primary  goal  is  the  directly  related  secondary  goal  of  developing 
procedures  for  fabricating  cells  with  stable  and  predictable  relaxation 
times,  mercury  vapor  densities,  and  NMR  signals  elvels. 


PERSONNEL 

The  following  people  were  involved 
reporting  period. 

Dr.  James  II.  Simpson 
Ivan  Greenwood 
Dr.  Peter  lleiinann 
Dr.  Michael  Kel ly 
Edward  Kling 
Ralph  Patterson 
Donald  Shernoff 
Dr.  Robert  Novick 


in  this  research  effort  during  the 

Principal  Investigator 
Research  Manager,  Physics 
Scientist 
Senior  Scientist 
Laboratory  Assistant 
Scientist 
Senior  Scientist 
Consul tant 


Ibis  report  was  prepared  by  P.A.  Heimann,  who  also  performed  the  calcu¬ 
lation  of  the  effects  of  quadrupolc  perturbations.  Mercury  cells  were 
prepared  and  filled  by  D.  Shernoff  and  M..1.  Kelly.  Measurements  of  cell 
properties,  along  with  complementary  observations,  were  performed  bv 
P.A.  Heimann,  except  for  the  data  in  Section  1.4,  which  were  supplied  bv 
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D.  Shernoff  and  D.S.  Baylev.  The  work  was  carried  out  at  the  Research 
Center  of  The  Singer  Company,  kearfott  Division,  Little  Tails,  N..T.,  except 
for  the  surface  analysis  of  cell  wall  materials,  which  was  performed 
at  Perkin-Elmer ,  Physical  Electronics  Division,  Eden  Prairie,  Minn. 
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